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Elevated brain levels of endogenous adenosine occur during pathological events such as 

hypoxia, ischemia and s e h r e  activity and are thought to be neuroprotective. Thus increasing 

ievels of adenosine under excitotoxic conditions may lead to the development of a therapeutic 

strategy that enhances levels of adenosine in a site- and event-specific manner. We validated 

the use of high-energy (10 kW) focused rnicrowave irradiation as a means of obtauiuig precise 

and accurate measurements of in vnlo levels of adenosine. Unilateral intrastriatal injections of 

drugs were administered to male S prague-Dawley rats and, following microwave irradiation, 

striata ipsilateral and contralateral to injections were excised and adenosine levels measured 

using fluorescence-HPLC, The ionotropic glutamate receptor agonists N-methyl-D-aspartate 

(NMDA) and kainate, but not amino-3-hydroxy -5-methyl4-isoxazol propionic acid dose- 

dependently increased levels of adenosine in injected striata. The effects of kainate were 

mediated through NMDA receptors probably because of kainate-induced glutamate release. 

Use of the 5 -nucleotidase inhibit or, a, p-methyleneADP, and the adenosine transport inhibit or, 

dilazep, showed that adenosine came fiom both extracellular and intrace1Iula.r sources during 

basal and NMDA-stimulated conditions. Both dilazep and the adenosine deaminase inhibitor, 

2'-deoxycoformycin, increased basal and NMDA-induced levels of adenosine. The adenosine 

kinase inhibitor 5'-amino-5'-deoxyadenosine increased basai, but not NMDA-evoked levels of 

adenosine. Potentiation of adenosine levels in a site- and event-specitic manner might best be 

achieved using a combination of adenosine deaminase and adenosine kinase inhibition or of 

adenosine deaminase and adenosine transport inhibition. Nitric oxide was found to play a role 

in regulating basal, but not NMDA-evoked levels of adenosine. Free radicals had a role in both 



basai and NMDA-induced levels o f  adenosine. To summarize, stnatal levels o f  adenosine can 

be increased by ionotropic glutamate receptor regdation, manipulated using inhibitors of 

adenosine transport and metabolism, and regdated by nitric oxide and fiee radicals. 



GENERAL INTRODUCTION 

1, Adenosine - structure and actions 

The purine nucleoside adenosine stnicturaiiy consists of an adenine base Liaked to a niose 

sugar (Figure 1). Adenosine can be phosphorylated to form adenine nucleotides such as AMP. 

ADP and ATP. ATP is required for RNA synthesis and has a vital role in the cellular energy 

cycIe, 

Adenosine 

Figure 1. Structure of adenosine (Stone, 1995) 



The actions of adenosine throughout the body are ubiquitous and diverse. Physiological effects 

of adenosine were first noted in the cardiovascular system by Dntry and Szent-Gyorgyi (1929) 

where adenosine caused bradycardia Wolfand Beme (1956) showed that adenosine codd 

cause coronary vasodiiation and M e r  work by Beme (1963) demonstrated that production 

of adenosine by the heart during hypoxia could lead to coronary vasodiiation Berne 

hypothesized that adenosine was a regulator in the local control of blood flow and this idea 

was expandeci by Newby (1984) who coined the term 'retaliatory metabolite' for adenosine. A 

detailed description of the actions of adenosine can be found elsewhere (Jacobson and Jarvis, 

1997)- In addition to af&cting cardiac inotropy and cbronotropy, and coronary blood flow 

(Belardinelli et al., 1997; Orlandi, 1996), adenosine can cause vasodilation in skeletal muscle 

and brain (Gustafsson et al., 1993; Wahl, 1993). In liver, adenosine appears to be responsible 

for the hepatic arterial b a e r  response whereby changes in portal blood flow alter hepatic 

arterial flow (Lautt, 1996). Other aspects of the circulatory system that can be affkcted by 

adenosine include platelet fbnction and angiogenesis (Feoktistov and Biaggioni, 1993; Picano 

and MicheIassi, 1997). Adenosine has also been postulated to play a role in idammatory 

events, immune responses, and asthma (Cronstein, 1997; Jacobson and Bai, 1997; Rosengren 

and Fiestein, 1997). 

The actions of adenosine within the central nervous system are equdy diverse, hodever, 

rather than being a classical neurotransmitter, adenosine has been termed a neuromodulator 

(Snyder, 1985). Adenosine's actions are mainly inbibitory in that it has anti-convulsant 

(During and Spencer, 1992; Knutsen and Murray, 1997) and anti-nociceptive properties 



(Sawynok, 1997), prornotes sleep (Carley and Radulovac@ 1997; Porkka-Heiskanen et al., 

1997). and depresses locornotor activity (Jarvis, 1997). Many of these effkcts are attniuted to 

the influence adenoshe has on other neurotransmitter systems. For example, adenosine can 

inhibit the release of glutamate, the primary excitatory neurotransmitter in brain (Dolpbin and 

Archer, 1983; Burke and Nadier, L988), as weli as regdate acetylchoiine release (Brown et 

ai., I990), and moddate dopaminergic (Ferre et al., 1992) and noradrenergic (Allgaier et al., 

1 99 1 ; Rongen et al-, 1996) neurotransmission. Adenosine lowers the level of neuronal 

activation by depressing both basal and evoked neuronal firing (Phillis and Edstrom, 1976;; 

Dunwiddie and Diao, 1994). The effécts of adenosine on neuronal firing appear to be 

specifically directed at excitatory events because inhibitory synaptic currents remah d e c t e d  

(Yoon and Rothman, 1991; Prince and Stevens, 1992). At the ceIlular level, adenosine can 

decrease calcium uptake (Goncalves et al., 199 1) and calcium currents (Scholz and Miller, 

199 1 ; Yawo and Chuhma, 1993), and increase potassium conductance (Trussel and Jackson, 

1987)- The actions of adenosine in the CNS are not restricted to effects on neurons; DNA 

synthesis and apoptosis in glial cells can be induced by adenosine (Schubert et al., 1994; Neary 

et ai., 1996). 

2. Adenosine receDtors 

Adenosine exerts its actions through specific ceii-dace receptors. Findhgs that adenosine 

affected cyclic AMP formation in brain (Sattin and Rail, 1970; Shimizu et aI., 1970) led to the 

hypothesis that these effects were mediateci by specific c d  surface adenosine receptors. 

Burnstock (1978) was the fkst to propose a nomenclature system for the classification of 



purinergic receptors; P 1 receptors for adenosine and P2 receptors for ATP. Van Calker et al- 

(1979) proposed the existence of two subtypes of adenosine receptors, Al and A2- The 

nomenclature system currently used is based on these early findings such that nucleotide 

receptors are referred to as "'PZ" recepton with M e r  subtypes differentiated by subscripted 

letters (e-g. Pz )  and adenosine receptors are referred to as "A" receptors with subscripted 

numbers and letters (e-g. Al, Am.. .) (Fredhoim et al., 1994). The two subtypes of adenosiue 

receptors originaiiy proposed had different effécts on adenylate cyclase actïvity; Al receptors 

inhibited whde A* receptors stimulateci the formation of cyclic AMP. However, the synthesis 

of selective ligands and the advent of molecular biology resulted in identification of additionai 

adenosine receptor subtypes and effector systems. AU adenosine receptor subtypes identifiai 

to date have been cloned from rnammalian species including rat and human, appear to have 

seven transmembrane spanning regions typical of G-protein linked receptors, and have been 

found in brain (for review see Palmer and Stiles, 1995) . 

2.1. Al receptors 

The Al receptor gene encodes a protein with a predicted molecular rnass of 36-7 kDa (Palmer 

and Stiles, 1995). Ar receptors generaüy exhibit an agonist potency order of R-PI. > NECA 

> S-PIA and have a high affinity for adenosine (3 to 30 nM) (Fredholm et al., 1994). They 

appear to be linked through Gi-proteins to inhibition of adenylate cyclase activity asrwell as 

activation of K' charnels. There is also some evidence for Ai moduiation of phospholipase C 

activity and accumulation of inositol phosphate formation, however, the actual eEed on 

phospholipase C activity as well as the G-protein subunits involved rernain a matter of debate 



(Paimer and Stiles. 1995). At receptor activation has also been found to decrease ca2+ 

currents both in heart as weii as hippocampal pyramidal neurons (Sholtz and Miller, 1991; 

Peiieg and Belardineiii, 1993). Using Northern blotthg and in si& hybridization, Ai receptors 

have been found in brain cerebral cortex, cerebellum, and hippocampus (Stehle et aI., 1992). 

Peripherdy, Ai receptors have been noted in kart, adipose tissue, and kidney (Stehle et al., 

1992). 

2.2. As receptors 

The A* receptor has now been M e r  divided into Au and Aza subtypes @aly et al., 1983). 

Both sub-types stimulate adenylate cyciase activity probabiy through G. proteins and, although 

they exhibit a sùnilar agonist potency of NECA > R-PIA > S P I &  they have d i f ren t  binding 

affinities for adenosine. Au receptors appear to have high affinity for adenosine (1 to 20 nM) 

while An receptors have a lower atnaity (5 to 20 pM) (Fredholm et al.. 1994). A u  and A ~ B  

recepton can be disthguished pharmacologically on the basis that CGS21680 is a selective 

agonist for Au but not Am receptors. Cloning has shown the two subtypes to be difEerent 

gene products with different predicted moleailar masses of 45 kDa for A u  and 36 kDa for 

Am receptors (Palmer and Stiles, 1995). Northern blotting and in silu hybriht ion have 

shown that within brain, Au receptors are present in the greatest density in striatum, nucleus 

accumbens and olfactory tubercle, while in the penphery, A u  receptors have been lbcated in 

heart, lung, and thymus (Palmer and Stiles, 1995; Fredholm et al., 1994). The distribution of 

Am receptors throughout brain is more difhse than that of Au raeptors, and peripheraily, 



mRNA for A= receptors has been found in the caecum, large intestine, urinvy bladder as weil 

as lung (Stehle et al., 1992)- 

2.3. A3 receptors 

A3 receptors were only recently discovered using cloning and expression techniques (Zhou et 

al., 1992) and have a predicted molecular m a s  of 36 kDa They exhibit a potency order of 

NECA 2 R-PIA > S-PIA and bind other a g o d  incïuding APNEA and ABMECA (Palmer 

and S t i l g  1995). A3 receptors can be dinamtiated i?om Ai sites on the basis of their 

insensitivity to antagonism by methylxantbines. A3 receptors have low affinity for adenosine 

(>l CiM) (Fredholm et al., 1994). The tissue distribution of A3 receptors appears to be species 

specifïc. For example, highest levels are found in the lung, spleen, and pineai gland of sheep, in 

lung and liver of human. and in testes of rat (Zhou et al., 1992; Salvatore et ai., 1993; Linden 

et al., 1993). Studies on hwnan brain have s h o w  A3 expression to be highest in hippocampus, 

cerebral cortex, cerebelium, and striaîum (Salvatore, 1993). A3 receptors inhibit adenylate 

cyclase activity probably through proteins (Palmer and Stiles, 1995) and activate 

phospholipase C activity (Abbracchio et al., 1995). 

3. Adenosine levels 

The degree of adenosine receptor activation depends upon the levels of adenosine available to 

act at these sites. Levels of adenosine are govemed by processes involving adenosine 

production and removal as weii as transport across plasma membranes (Figure 2 ). 



Adenosine 

Figure 2. Diagram of  intraceiiular and extracellular pathways of adenosine production and 

metabolism (White, 1996). 
? 

Abbreviafions: DCF, 2'-deoxycofomycin; DPK dipyridamole; EHNA, eythro-2-(hydroxy-3- 

nony1)adenine; a$ methADP, qp-rnethylene ADP; NBI, nitrobenzyIthioinosine; NH2dAD0, 

5 ' -amino-5 '-deoxyadenosine; S AH, S-adenosyl homocysteine. 



3.1. Adenosine production 

5-Nucleotidase (EC 3.1 -3 -5)  removes the phosphate group £kom AMP to fonn adenosine. This 

is considered to be the major pathway for adenosine production in brain. 5'-Nucieotidase 

activity is heterogeneously distributed in the CNS (Nagata et aL, 1984). and cytosolic and 

partidate isoforms have been describeci (Heyman et al., 1984; Nagata et al., 1984). There are 

several possible sources of AMP for particdate (ecto-) 5'-nucleotidase including ATP and 

CAMP (Hoehn and White, 1990; Rosenberg, 1992; James and Richardson, 1993). Ecto-5'- 

nucleotidase fiom synaptic rat forebrain plasma membranes has an apparent molecular m a s  of 

72 kDa (Lai and Wong, 199 la). Both AMP and IMP can act as substrates for ecto-5'- 

nucleotidase; K, values for AMP range fiom 21 to 56 ph4 (Lai and Won& 1991a;b; James and 

Richardson, 1993) and 83 pM for IMP (Lai and Wong, 1991a). Membrane bound 5'- 

nucleotidase activity shows regional differences (Cunha et al., 1992). Ecto-5'-nucleotidase is 

inhibited in a feed-forward manner by ATP and ADP (Lai and Wong, 1991~ b; James and 

Richardson, 1993) with Ki values of 410 and 3.4 pM, respectively, thus ensuring a time delay 

between ATP breakdown and adenosine formation (Lai and Wong, 1991b; James and 

Richardson, 1993) that could serve to regulate the different receptor mediated actio'm of ATP 

and adencsine. Ecto-5'-nucleotidase can be inhibited by a$-methyleneADP (a$-MeADP) 

with a Ki value of 40 pM and this wmpound has often been used to demonstrate the specinc 

invoivement of ecto-5'-nucleotidase. However, purifieci and homogenate-âerived cytosolic 5'- 



nucleotidase fkom rat brain has also been shown to be inhibited by a$-MeADP (Lai and 

Wong, 199 la, James and Richardson, 1993; Orford and Saggerson, 1996)). Therefore, it 

appears that the membrane permeabiiity characteristics of a$-MeADP determines its 

selectivity between ecto- and cytosolic 5'-nucleotidase. 

There appear to be several forms of cytosoiic 5'-nucleotidase in brain capable of ushg AMP 

or IMP as substrates. For example, cytosoiic 5'-nucieotidase Erom rat forebrain had K, values 

of 270 pM for AMP and 200 phd for IMP (Lai and Wong, 1991a). This isofonn had a 

molecular mass of 13 1 kDa. However, Orford and Saggerson (1996) recently purified a rat 

brain 54 kDa cytosolic 5'-nucleotidase with an affinity for AMP that was higher than for IMP. 

Like ecto 5'-nucleotidase, cytosolic forms of the enzyme were regulated by ATP and ADP. 

Lai and Wong (199 1 a) found ATP and ADP inhibited the 13 1 kDa cytosolic 5'-nucleotidase 

with Ki values of 6 l  and 2 pM, respectively. Orford and Saggerson (1996) have shown that 

the ATP sensitivity of the p d e d  54 kDa fonn of cytosolic 5'-nucleotidase was a property 

conferred on the enzyme by a separate soluble factor. In cytosolic brain preparations however, 

the sensitivity of cytosolic 5'-nucleotidase to ATP exhibiteci a concentration-dependent 

biphasic pattern (Orford et al., 199 1) which was attributed to ATP-sensitive and ATP- 

insensitive enzyme activity (Orford et al., 199 1). Although these two enzyrnes had different 

regional distributions (Orford et al., 1991). theu relative rotes in controlling adenosine 
? 

production remain to be determined. 



3.1 -2. S-Adenosyhomocysteine hydrolase ( S m  

Adenosine can be produced by the action of S-adenosyl homocysteine hydrolase ( S m  EC 

3 -3.1 - 1) on S-adenosyl homocysteine and the reverse reaction can act as a pathway of 

adenosine removaL However, despite evidence for a role of SAHH in adenosine formation in 

penpheral organs (Achterberg et al., 1985). it seems clear that, in braia. SAHH is a very minor 

pathway ofadenosine production (Reddington and Pusch, 1983; Latini et ai-, 1996). 

3.2. Adenosine metabolism 

3 -2.1. Adenosine deaminase (ADA) 

Adenosine deaminase (EC 3.5.4.4) is a 36 D a  protein that removes an amine group fiom the 

C6 position of the purine ring of adenosine resulting in the formation of ammonia and inosine. 

ADA activity is generally considered to be intraceiluiar although extracellular ADA has also 

been reported in several tissues including heart and brain (Franco et al., 1986; Meghi et al., 

1988)- ADA is dinerentidy distributed among various tissues (Arch and Newsholme, 1978) 

and in both rat and human appears to be present in the greatest amount in the spleen and 

gastrointestinal tract (Van der Weyden; 1976; Geiger et al., 1991). W~thin brain, th6 highest 

levels of activity are found in posterior hypothalamus and oIfactory bulb while the lowest 

levels are found in hippocampus and striatum (Geiger and Nagy, 1986). With respect to cell 

type, ADA activity was found to be 9 times higher in glial ceils than in neurons (Cebdos et 



al., 1994)- K, d u e s  of ADA for adenosine range fkom 17 to 100 pM (Geiger et al., 1997) 

with p d e d  rat braia ADA having a K, of 45 pM for adenosine (Centelles et al., 1988)- 

ADA can be potently inhibiteci by several compounds (reviewed by Agarwai, 1982) including 

erythro-9-(2-hydroxy-3-aony1)adenine (EHNA) and 2'-deoxywformycin @CF). EHNA 

inhibits ADA competitively with Ki values ranging fiom 1.6 to 75 n M  (Skolnick et ai., 1978; 

Agarwd et ai., 1982). DCF inhi'bits ADA non-competitively with Ki values ranghg nom 2.5 

to 1 80 pM (Skolnick et al., 1978; Agarwai, 1982). DCF is used therapeutidy (PentostatinTM) 

to treat certain leukaemias as weU as to inhibit the metabolism of other nucleoside d o g u e s  

that are used as anti-tumour, anti-viral, and immiinosuppressants- DCF, at much higher 

concentrations than those required to inhiiit A D 4  can inhibit adenylate deaminaSc (Frieden et 

ai., 1980; Padua et al., 1990); relative to ADA , the values of DCF for AMP deaminase 

were 5 to 7 orders of magnitude higher. DCF appears to enter ceils via nucleoside transporters 

(Chen et al., 1984; Wdey et al., 1 Wl), thereby gainhg access to cytosolic ADA 

3 -2.2. Adenosine kinase (AK) 

Adenosine kinase (ATP : adenosine 5'-phosphotraflsferase, EC 2.7.1 -20) p hosphorylates 

adenosine to fom AMP using ATP as a phosphate donor. AK has been cloned and expressed 

h m  both rat and human tissues (Spychala et al., 1996; McNaiiy et ai., 1997). d e d  AK 

fiom rat brain has a molecular mass of approximately 40 kDa (Yamada et al., 1980). In 

humans, AK appears to be encoded by a gene on chromosome 10 while in mouse, the AK 

gene is on chromosome 14 (see Geiger et al., 1997)- For mouse, the highest levels of AK 



activity are in Liver foliowed by hart  and then brain (Ar& and Newsholme, 1978). wthin rat 

brain, the highest levels of AK activity are found in olfâctory bulb and the lowest in septum 

and posterior hypothalamus (see Geiger a al., 1997). 

AK is a cytosolic enzyme with K,,, values for adenosine of 0.2 to 0.4 p M  (Yamada et al., 1980; 

Hawkins and Bagnara, 1987; Lin et al., 1988). AK exhibits substrate inhiiition by adenosine; 

brain AIS activity was maximal at adenosine concentrations of 0.5 p M  and sipificantly 

decreased at higher adenosine concentrations (Yamada et al., 1980). This pattern of AK 

activity rnay result fiom the presence ofa high afiinity catalytic site and a low affinis. 

regdatory site (Hawkins and Bagnara, 1987; Li et al., 1988) whereby at low adenosine 

concentrations phosphorylation of adenosine proceeds via the catalytic site while at higher 

adenosine concentrations adenosine binds to the low affinity regdatory site and AK activity is 

inhibiteci. In addition to the adenosine binding sites, ATP and other nucleotides such as 

deoxyATP, GTP, and UTP can bind to AK (Yamada et al., 1980); the apparent K, value for 

ATP is 20 pIbL AK requires divalent cations for activity; ~ g ~ '  and co2' are equally effective, 

ca2' and ~ n ~ '  are less effective (Yamada et al., 1980; Lin et al., 1988). Inhibition of AK 

activity can occur through interactions at the ATP site (RotIlan and Miras-Pomigal, 1985) and 

one group ofwmpounds that act at this site to inhibit AK activity competitively are 

diadenosine polyphosphates (Rotllan and Miras-Portugal, 1985; Delaney et al., in press). 
t 

Iodotuberocidin and 5'-amino-5'-deoxyadenosine are potent inhibitors of A .  but 

iodotubercidin has also been shown to inhibit adenosine transport (Parkinson and Geiger, 

1996). 



3.3. Adenosine transport 

Nucleoside transport systems tratlsfer adenosine across celiular plasma membranes. These 

transport systems serve two purposes; 1) transport of pre-fonned adenosine out of the c d  so 

it cm exert actions at adenosine receptors, and 2) re-uptake of adenosine into the ce11 where it 

may be metabolized- This latter step, by removing adenosine, limits adenosine receptor 

activation. Nucleoside transporters can be broadly categorized as equiiibrative or 

concentrative (for review see Cass, 1995)- 

3 -3.1 Equilirative nucleoside transport 

Adenosine movement through equilibrative transporters occurs down a concentration gradient 

and therefore can be bi-directional, i-e. efnux as weli as influx- In addition to adenosine, other 

nucleosides including uridine, inosine, and guanosine can be transporteci although each 

permeant has its own kinetic characteristics. Equilibrative transporters have molecdar masses 

ranging fiom 45 to 65 kDa (see Geiger et al., 1997). Further classification with respect to 

sensitivity to nitrobenqlthioinosine (NB0 has divided equilibrative transporters into those that 

are resistant or insensitive (ei) and others that are sensitive (es) to transport inhibition by this 

compound. NB1 can inhibit es transporters at concentrations < 1 n M  (see Cass, 1995). In 

some ceii types, both types of equilibrative transporters have been found to be inhibiteci by 

dilazep and dipyridamole (see Cass, 1995). The distribution of adenosine transporters has been 

investigated using [ 3 ~ N f 3 ~  and [3Hldipyridamole and brain exhibits a differentiai distribution 

of such ligand-labeled sites both between and within brain regions (see Geiger and Fyda, 



199 1). Because dipyridamole may recognire both es and ei transporters in guinea pig, this may 

explain why a greater number of sites were labeîîed by [%Jdipyridamole than by [%JNBI (see 

Geiger and Fyda, 1991). Recentiy, an es transporter was cIoned, expressed, and sequenced 

(GrBith et al., 1997). 

3 -3 -2. Concentrative nucleoside transporters 

Concentrative nucleoside transporters have been classifieci on the basïs of sensitivÏty to NB& 

permeant selectivity, and dependence on transmembrane Na' gradients (Cass, 1995). There are 

5 subclasses (see Table 1). 

Table 1 (Cass, 1995) 

perrneant sensitivity to NB1 Na': adenosine ratio 

N 1 /cg purines no 

NUcir pyrimidines no 

N3lcib purines/pyrimidines no 

N4/ciî purinedp yrirnidines 

and guanosine no 

NSlcs not determineci Y- 

1:l 

not detendnecl 



Na'-dependent transporters are generally thought to transport adenosine into celis however 

recent evidence suggests that the direction can be revefsed to release adenosine (Borgiand and 

Parkinson, 1997). Cloned cDNAs for Nl/cir, Nucir, and N3/cib have been expressed in 

Xenops ooctytes leading to predictions of transporter protein molecdar mass, number of 

membrane spanning regions and sites for gIycosylation as weii as protein kinase 

phosphorylation (Cass, 1995). 

Transport inhibitors, some of which are used therapeutically, have become usenil research 

tools. Transport inhibitors have diverse chernical structures. NB1 is a purine nioside, 

dipyridamole is a pyrixnidopyrimidine derivative, mioflazine and soluflazine are s u b h t e d  

piperazine denvatives, and dilazep is a tertiary amine diazepine (Geiger and Fyda, 1991). NB1 

can inhibit es and NSIcr transporters. Dilazep and dipyridamole can inhibit both es and ei, and 

possibly NSlcs transporters. PropentoGiiine can inhibit equilibraîive systems and an Nllcif 

concentrative transporter (Parkinson et al., 1993). 

4. Levels of adenosine 

4.1. Measurement of adenosine levels 

There are two main approaches to measuring in vivD adenosine levels; extracellular 

concentrations and totai tissue levels. Extracellular brain adenosine levels have been measured 



using microdialysis (Van Wylen et al-, 1986; Hagberg et aL, 1987; Nilsson et al-, 1990; 

Bderin et ai., 1991; Chen et ai-, 1992) and cortical cup techniques (Phillis et al-, 1987). 

Microdialysis methods have been used to detennine interstitid adenosine concentrations in 

such brain regions as cerebrai cortex, stria- and hippocampus where adenosine 

concentrations have been reported to range fiom 0.5 to 2pM (Van Wyien et ai., 1986; 

Hagberg et al., 1987; Ndsson et al., 1990; Chen et al., 1992). Adenosine concentrations in 

corticai cup perfùsates are around 20 n M  (Philiis et ai., 1987). There are some disadvantages 

to these methods. Miaodialysis involves implantation of probes into neuronal tissue and this 

process itselfcan stimulate the production of large arnounts of adenosine which can take as 

long as 24 hrs to decline to stable levels (Ballerin, 1991). Indeed, adenosine levels decreased 

from 3 pM immediately after probe implantation to 0.04 pM 24 hrs later @derin, 1991). 

Also, microdialysis does not allow for the simultaneous meastuement of levels in multiple 

brain regions. Cortical cup techniques rnay give artificiaiiy low values for levels of adenosine 

due to the high volume: surfiace area ratio (van Wylen, 199 1). 

Several methods have been used to measure total tissue levels in vivo, However, because brain 

adenosine levels increase rapidly following post-mortem metabolism of ATP, experimental 

methods to measure levels of adenosine and/or adenine nucleotides incorporate techniques 

whereby brain metabolism is halted as quickly as possible. One approach is to use fast-tieezing 

rnethods where decapitated heads faIl directiy into licluid nitrogen (Mandel and ~ a &  196 1; 

Clark and Dar, 1988), whole animals are immersed in Iiquid nitrogen (Mandel and Harth, 

196 1; Ponten et al., 1973% b; Miller and Sharnban, 1977; Clark and Dar, 1988), liquid 

nitrogen is poured directly onto the brain in situ (Ponten, 1973% b; Onodera, 1986), or brains 



are subjected to tieeze-blowing (Veech et aL, 1973; Miller and Shamban, 1977; Winn et al., 

1979). These fast-fieezing techniques do not enable measurements of adenosine and adenine 

nucleotides in difEerent brain regions due to the di&icuity ofdissecting fiozen tissue. In uim 

brain adenosine levels of 13 pmoVmg protein have been obtained using fi-blowing ( W i i  

et al., 1979) and 40 pmoVmg protein using in &hc fieezing (Onodera, 1986). Measurements of 

adenosine levels after decapitation with heads f&g into liquid nitrogen or d e r  immersion of 

the whole animal into liquid nitrogen gave much bigher levels of adenoshe - approximately 5 

and 6 nmoV mg protein, respedvely (Ciark and Dar, 1988). 

Another technique involves heating by microwave irradiation. The advantage of this approach 

is that 'cooked' brain tissue can be eady dissecteci and therefore levels of adenosine in 

difEerent brain regions can be detecmined simultaneously. In the past, niicrowave power levels 

ranging from 1.3 3 to 6 kW were used (Wojcik and NeE 1982; Yanik and Radulovacki, 1987; 

Clark and Dar, 1988). In these studies, as the power level increased, the irradiation t h e  

decreased fi-om 6.5 to 2.5 s and so did levels of adenosine levels thus hnplying that post- 

mortem metabolism and concurrent adenosine production was stiil occurting. We 

hypothesized that increasing the irradiation power level to a value greater than 6 kW would 

shonen the irradiation time required to inactivate brain metabolism and that we would obtain 

values for levels of adenosine even doser to those obtained using fieeze-blowùig. This 

hypothesis was tested and the results are describeci in Chapter 1. 



43. Pathological increases in adenosiae levels 

Levels of adenosine increase under a variety of pathologïd conditions both in via0 and in 

vivo. Hippocampal slices exposed to conditions simuiating ischaemia, hypoxia andlor 

hypoglycaemïa released increased arnounts of adenoshe into the superfusion medium (Fowler, 

1993% b; Pedata, 1993; Wallman-Johansson, 1994). In vnto ievels of adenosine increase 

during both globai and focal ischemia, hypoxia and hypercapnia (Wojcik and Neg 1982; Van 

Wyien et al., 1986; Hagberg et ai., 1987; Phülis a al., 1987; 1994). Adenosine levels are also 

increased during sehure activity (Schrader et aL, 1980; Wm et ai., 1980; Park et al., 1987) 

and by brain trauma (Niisson et al., 1990; Headnck et al., 1994). 

5. Glutamate 

5.1. Pathological increases in levels of glutamate 

Pathological conditions such as ischaemia, seizure activity, and physical brain trauma evoke 

large increases in levels of glutamate (Giobus et al., 1988; Faden et al., 1989; N h o n  et al., 

1990; Janjua et al., 1992) and cause excitotoxic damage. Indeed, glutamate release and 

glutamate receptor activation may represent a cornmon underlyhg mechanism for a number of 

neurological diseases and syndromes (Meldrum and Garthwaite, 1990; Beal, 1992; Lipton and 

Rosenberg, 1994 ). 



5.2. Glutamate Receptors 

Glutamate is the major excitatory neurotransmitter in the C N S  and exerts its actions through 

several sub-types of receptors which can be broadly classineci as metabotropic or ionotropic. 

Metaboaopic receptors contain 7 transmembrane sequences, belong to the superfiimiy of G- 

proteins and appear to be linked to phosphoüpase C, phospholipase D and adenylate cyclase 

(for review see Corn and Pin, 1997). Ionotropic glutamate receptors, as the name implies, are 

ion channels which selectively dow passage of ions aaoss the plasma membrane upon 

glutamate binding. Ionotropic receptors cm be dhided into N-methyi-D-aspartate -A) or 

non-NMDA subtypes. Since glutamate excitotoxicity is generaily assocïated with ionotropic 

receptor activation, the foliowing section desaies these recepton in more detail. 

5.2.1 - NMDA receDtors. 

NMDA receptors are permeable to cations such as r, Na', and ca2', but due to the relative 

differences in concentrations gradients of these ions across ceii membranes, the fIow of 

calcium is greatest and, perhaps physiologidy, the most important. Three subtypes of 

NMDA receptors have been characterized with different agonist or antagonist binding 

properties as weU as effects by aiiosteric regdators (for review see Stone, 1993). Radioligand 

binding studies have shown cerebral cortex, striatum, septum, hippocampus, and adygdala to 

contain the greatest density oCNMDA receptors (Young and Fagg, 1990). 



Funaionsl NMDA receptors have been cloned and expresseci (Holiman and Heine- 1994). 

NMDAR-1 is a singie polypeptide which can form a fbctionai multi-unit homomeric receptor- 

channel cornplex with most of the pharmaccologicai and physiologicai characteristics of the 

NMDA receptor except the ability to exhi'bit agonist-induced cation currents. There are 8 

known splice variants of NMDAR-1 (A-H) which cm be rnerentiated with respect to 

responses to agonists and antagonists. A second NMDA receptor subunit has also been 

cloned, NMDAR-2, of which there are 4 splice variaats (A-D). NMDAR-2 subunits do not 

form fùnctional receptors by tha~elves  but, when combineci into heteromers with NMDAR-1 

subunits, impart the ability to conduct agonist-induced currents thus implying that native 

NMDA receptors probably consist of heteromen (Hellman and Heineman, 1994). 

Zinc site --& 

Membrene 

NlU2* 
site 

site 

Figure 3. Schematic of ligand bhding sites on the NMDA ion channel receptor (Stone, 1995) 

Abbreviutiom: NMDA, N-methyl-D-aspartate; PCP, phencyiidine. 



NMDA receptors have several regdatory binding sites and antagonists for some of these sites 

have been identifid (Figure 3). NMDA and gfutamate bind to NMDA receptors. Other 

compounds acting as agonists at giutamate binding sites on NMDA receptors include L 

homocysteate, aspartate, and quinohate. Competitive antagonists inciude D-2-amino-5- 

phosphonopentanoic acid (AP5) and 3 -(2-~arboxypiperazin4yI) 1 -propenyl- 1 -phosphonic 

acid (d-CPP-ene). Binding of glycine to the giycine site facilitates channel opening and, in fact, 

binding of both gIutamate and g!ycine is required for receptor activation Halogenated 

analogues of kynwenate are highly selective antagonists for the glycine site. For example, 5- 

iodo.7-chlorokynurenic acid can inhiiit gfycine binding with an ICm value of 37 nM (Bames 

and Henley, 1994). Compounds such as MK801 (dkocilpine) and phencyclidine are non- 

cornpetitive antagonists and enter the open charme1 and bind to a site withia the lumen; 

because they require the channel to be open they are d e d  use-dependent antagonists (Foster 

and Won& 1987). Magnesiun ions cause a voltage dependent-blockade of NMDA receptors 

which is responsible for a negative conductance at membrane potentials below -40 mV (Zhang 

et al., 1996). Therefore cells must be depolariseci in order to aileviate this block Another ion, 

zinc, has been shown to idluence NMDA receptor fkction by non-competitively inhibiting 

the channel. However, in contrast to magnesium, zinc-induced recep tor blockade is voltage- 

independent. NMDA receptors also contain a bindùig site for polyamines such as spennine and 

spennidine which appear to have concentration-dependent effects on channel activity. Bïnding 

of polyamines is not mandatory for receptor activation, but low Mcromolar concenbations of 

polyamines increase the ability of glutamate and giycîne to open the channel. At higher 

concentrations however, polyamines induce voltage-dependent blockade of the receptor and 

thus decrease channel opening (Dingledine and McBain, 1994). In addition to control of 



channel activity at the above Ligand bindhg sites, NMDA receptor activation is sensitive to pH 

- inaeasing the fiequency of opening as pH hcreases fkom 6.8 to 8.4. NMDA recepton also 

contain phosphorylation sites and phosphorylation by protein kinase C uMeases channel 

opening in response to glutamate binding (Meldnim, 1995). 

Non-NMDA receptors include kainic acid and a-amino-3-hydroxy-5-methyl-4- 

isoxazoleproprionate (AMP A) receptors. 

5.2.2- 1. AMPA receotors 

The distriiution pattern of high &ty l 3 ~ A M p ~  bhding sites closely resembles that for 

NMDA receptors; highest levels were found in hippocarnpus, stria- cortex, and parts of 

septum and cerebelium (Young and Fagg, 1990). AMPA receptors are thought to be 

pentomenc and four subunits making up the AMPA family of receptors have been cloned and 

expressed (GluR14). They are al1 approxïmately 900 amino acids in length, share 70 % 

homology, and each subunit cm fom two splice variants (Meldrum, 1995). Presence of the 

GluR-2 subunit makes non-NMDA receptors impermeable to calcium (Bettler and Mlle, 

1995). AMPA receptors exhibit the agonist potency profile of domoic acid > AMPÀ > 

glutamate > kainate (Bettler and Mulle, 1995). EIighly seledive cornpetitive antagonists for 

non-NMDA receptors belong to the quinoxalinedione group of wmpounds (Watkins et al., 

1 990). 6-Cyano-7-Ritroquhoxaline-2,3 -dione (CNQX) and 6, 7-dinitroquinoxaline-2,3-dione 



(DNQX) inhiiit [3HJAMP~ binding to brain membranes with ICso values of 0.3 and 0.5 CiM, 

respectively (Watkins et ai., 1990). More recentiy, a aember of the 2,3-benmdiazepine group 

of wmpounds, GYKI 52466, has been found to be a non-cornpetitive inhibitor that is highly 

selective for AMPA receptors (Bettler and Mde ,  1995). 

Radioligand binding studies have shown both high and low a86nity [%Jkaïnate bindiag sites 

(Young and Fagg, 1990). The high aflinity sites were confineci mostly to cerebrai cortex, CA3 

region of hippocampus, and lateral septum. The low af3k-i~ sites are thought to represent 

kainate binding to AMPA receptors (Young and Fagg, 1990). Cloning and expression studies 

of kainate receptors have demonstrated the existence of 5 subunits, three of which have been 

temed GluR5-7 and exhibit 75 -80 % sequence homology with each other. The other two 

kainate receptor subunits have been designated KA1 and KAZ and are slightly more 

homologous with GluR5-7 than with GluR14. It appears that KA1 and KAZ correspond to 

the high affinity kainate binding sites since homomeric complexes of KA1 bind [3HJkainate 

with an M t y  of 4 n M  while those consisihg of GluRS-7 bind [3HJkainate with an afçlity of 

80-100 n M  (Dingledine and McBain, 1994). The agonist potency binding profile for kahate 

receptors is domoic acid > kainate > glutamate and the non-NMDA antagonists CNQX and 

DNQX inhibit ~ ~ ~ k a i n a t e  binding to rat brain membranes with ICm values of 1.5 ahd 2.0 

respectively (Watkins et al., 1990). 



5.3. GIutamate excitotoxicity 

Excitotoxic neuronal damage has been induced in Mtro (Kollegger et aL, 1993; Dykeas et al., 

1987, Nakao, 1996) and in vivo foilowing administration of glutamate and glutamate agonista 

The in vivo lesions have been weli characterized and these modeis have been used to study 

various aspects of neurotoxicity and possible therapeutic interventions (Ruicka and 

Jhmandas, 1990; Fïnn et ai,, 199 1; McDonald et al., 1992; Schulz et al-, 1995; MacGregor et 

ai., 1996). 

6. GIutamate and adenosine 

Glutamate- and glutamate receptor agonist-induced increases in levels of adenosine have been 

demonstrated in vitro fiom rat cortical synaptosomes (Hoehn and White, 1990). rat cortical 

and hippocampal slices (Pedata et aL, 1991; Hoehn and White, 1993) as well as from rat 

cortex. striatum, and hippocampus in vivo (Perkins and Stone, 1983; Chen et al., 1992; Sciotti 

et al., 1993; Carswell et al., 1997). Glutamate receptor activation stimulates increases in 

adenosine levels in conditions such as ischaernia and glutamate receptor blockade can prevent 

ischaemia-induceci release of adenosine (Ehgberg et al., 1986). We hypothesized that focal 

injections of NMDA would increase striatal levels of adenosine in Wu that could be measured 

after killing rats with high-energy (10 kW) focused microwave irradiation and m d u i n g  tissue 

adenosine content using fluorescence-HLPC. This hypothesis was tested in a preliminary 

manner in Chapter 2 and more fully in Chapter 3. Since non-NMDA receptor stimulation has 

been shown to increase in vivo levels ofadenosine in hippocampus (Carswell 1997). we tested 



the hypothesis that kahate and AMPA ariministra . . 
tion could increase in vivo adenosine leveis 

in the striatum This hypothesis was tested in Chapter 3. We also used NMDA and non- 

NMDA receptor antagonists to confirm the involvement of the different receptor subtypes. 

7. Adenosine neuro~rotection 

Increases in adenosine are thought to mise because the energy state and ATP regeneration 

capacity of the celi have been compromiseci such that there is increased breakdown of ATP 

without a replenishment of the cellular energy stores- The adenosine so formed appears to be 

neuroprotective hence the texm 'retaliato~ metabolite' originaiiy coined by Newby (1984) to 

descnbe actions of adenosine in the heart. The neuroprotective actions of adenosine are at 

least in part receptor mediateci. For example, adenosine agonists acting at Al receptors have 

been shown to suppress seizure activity ~ranki in  et al., 1989) as weii as improve the outcome 

of ischaemic insults regardless of whether the measured parameter was behavioural or 

histochemical (for review see Rudolphi et al., 1992; Heron et al., 1994; Von Lubitz et al., 

1996). Adenosine receptor agonists have been shown to prevent glutamate receptor-induced 

neuronal damage in rat cerebral cortex, hippocampus, and striatum. ( F i i  et al., 1991; 

MacGregor and Stone, 1993; MacGregor et al., 1996). As stated in Section 1, adenosine can 

decrease the release of excitatory amino acids such as glutamate and aspartate (Dolphin and 

Archer, 1983) and adenosine released during ischaemia has been shown to inhibit gfutamate 

release (Heron et al., 1993). 



in addition to the use of adenosine agonis& as newoprotective agents, an alternative approach 

is to maaipulate of endogenous levels of adenosine using inhiiitors of adenosine metaboiism 

and transport thereby increasing the amount of endogenous adenosine available to act at its 

receptors- 

8. Inhibitors of adenosine trans~ort and metabolism 

Inhi'bitors of adenosine metabolism c m  mùnic the physiological effects of adenosine both in 

vitro and in vivo. For example, the adenosine kinase inhibitor iodotubercidin depressed 

neuronal activity in hippocampal slices (Pak et al., 1994). inhiiition of adenosine b e  or 

adenosine deaminase increased cerebd blood flow (Sciotti and van Wylen, 1993), and 

inhibitors of adenosine deaminase rnirnicked the sedative effects of adenosine (Mendelson et 

al., 1983; Radulovacki et al., 1983). 

With respect to neuroprotection, physiological effects of inhibitors of adenosine metaboiism 

and transport appear to be dependent upon the type of insult employed. The nucleoside 

transport inhibitor dipyridamole was anticonvulsant (Zhang et al., 1993; Kostopoulos, 1989), 

neuroprotective in ischaemia (Giddsy et al., 1996), and increased the recovery of rit corcical 

slices subjected to agiycaemiafanoxia ( D o ~ g h y  and Schoffield, 1994). The transport inhiibitor 

propentofjrhe was neuroprotective against ischaemic damage (hur et al., 1990). however, 

propentofilliiie has other effects which may have wntributed to its neuroprotective properties 



(Parkinson et al., 1994). DCF prevented neuronal damage foliowing ischaemia in some animal 

models (Phillis and O'Regan, 1 989; Lin and Phillis, 1992; Gidday et al., 1995). but not others 

(Delaney a al., 1993). Nucleoside transport inbibitors were anticonvuisant but DCF was far 

Iess effective (Zhang et ai., 1993). 5'4odotuberocidin protected against ischaemic iniury in 

gerbii @%.lis and Smith-Barbour, 1993), S'-deoxy-5'-iodohiberoCidin was & i v e  in 

protecting against transient focal ischaemia in rat ( m g  et al-, 1997), and adenosine kinase 

inhibitors prevented bicuculiine-induced seizure activity in rat prepiilform cortex (Zhang et aI., 

1993). 

Many of the above cited studies investigated effects of drugs thought to act by enhancing 

adenosine levels, but adenosine levels themselves were not measured. The question then arises, 

do these pharmacological interventions actually increase levels of adenosine? 

8.2. Poten tiation of levels 

The effects of inhibitors of adenosine metabolism and transport on basal levels of adenosine 

Vary from study to study. Nucleoside transport inhibitors had no clear effect on basal 

adenosine release fiom hippocampal slices in vitro (Fredholm et al., 1994) and appear to give 

mixed results in vivo showing either decreases, no effect or increases in basal adenosine levels 

(Phillis et al., 1989; 1987; Park and Gidday 1990). in rat spinal cord slices, adenosGe 

deaminase inhibition as well as adenosine kinase inhibition increased basai levels of adenosine 

(Golembioska et al., 1996). DCF increased basal levels of adenosine in vivo in rat caudate 

nucleus and striatum (Zetterstrom et al., 1982; Sciotti and van WyIen, 1993). Inhibition of 



adenosine kinase increased adenosine levels within the caudate nucleus and in spinal cord 

(Sciotti and van Wylen, 1993; Golernbioska, 1995). 

In pathologicai events, adenosine deaminase inhiiition enhanced hypoxia-evoked inmeases in 

levels of adenosine fkom cortex (Phillis et al., 1988). Fredholm et ai- (1994) demonstrateci that 

nucleoside transport inhiiition increased the efnux of adenosine Born eI&dy stimdated 

and hypoxk/hypogiycaemic hippocampal dices and other studies showed transport inhibitors 

either increased or had no effect on ischaemia-evoked levels in vivo (PhiUis et ai., 1989; 1987; 

Park and Gidday 1990). Using focal administration ofNMDA as an excitotonc paradigm, we 

tested the hypothesis that inhibition of adenosine deaminase and adenosine transport would 

potentiate NMDA-evoked in vivo striaal levels of adenosine. This hypothesis is tested in 

Chapter 2 and more f d y  in Chapter 4. Since adenosine kinase activity is inhï'bited by higher 

concentrations of adenosine and may not be active under conditions of stimulation, in Chapter 

4 we also tested the hypothesis that adenosine kinase inhibition would increase basal but not 

NMDA-evoked levels of adenosine. F i y ,  using transport inhibitors and an inhibitor of ecto 

5'-nucleotidase, we attempted to cietennine the source of basai and NMDA-evoked adenosine. 

The a h  was to obtain a complete picture of the relative contributions of the ditrerent 

adenosine metabolic and transport pathways with a view to developing a rational adenosine- 

based therapeutic strategy in a mode1 of excitotoxîcity. 



9. MechanWms involved in NMDA-induced incrcases in levels of adenosine 

Whiie NMDA receptor activation is hown to inaease levels of adenosine, very M e  is knom 

about the interverhg mechanisms- The NMDA receptor is a calcium permeable channel and 

increased charnel activity can result in perturbation in both levels and cornpartmentaikation of 

calcium within the ceil (Frandsen and Shousboe, 1993). CeUuiar calcium dependent processes 

are n o d y  tightly regulated and an imbalance can have devastating wnsequences (Ghosh 

and Greenberg, 1995). One calcium-dependent process is the activation of nitxic oxide 

synthase and production of nitnc oxïde. In addition to its role as a mediator ofNMDA- 

induced neurotransmitter release (Montague et al., 1994; Sandor et al., 1995), nïtric oxide has 

been implicated in causing neuronal darnage. Inhi'bition of nitric oxide synthase has been 

shown to reduce NMDA toxicity (Kollegger et ai., 1993). Nitric oxide can take the form of a 

fiee radid and NMDA receptor activation can elicit the generation of othw fkee radical 

species including niperoxide (Lafon-Ca& 1993). Free radical scavengers such as the spin 

trap agent a-phenyl-t-butyl-nitrone ameliorate NMDA-induced neuronal darnage (Schuiz et 

ai,, 1995; Nakao, et al., 1996). 

In Chapter 5, we tested the hypothesis that nitric oxide a d o r  fiee radicals were involved in 

mediating NMDA-induced increases in in vivo striatai levels of adenosine. For purposes of 

cornparison, we aiso investigated the role of nitric oxide and fhe radicals in regulathg basai 

levels of adenosine. 
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Brain regional leveis of adenoshe and adenosine nudeotides in rats kiUd by hi@-energy f d  

microwave irradiation 

Suzanne M Delaney and Jonaîhan D. Geiger 



A high energy focuseci microwave system for k i h g  experimental animais was used to rapidly 

inactivate enzymes and prewnt pst-mortem breakdown of adenine nudeotides and adenosine, 

thereby enabhg accurate measurements of AMP, ADP, ATP, and adenornie in nit br- For 

cornparison, purine levels were measured in braias of rets Wed by decapitation, decapitation into 

iiquid nitrogen, or hz situ fkzhg of the brain with liquid Mtrogen Ofthe three microwave 

irradiation power levels use& 10,6.0 or 3.5 kW, rats killed by 10 k W  had the highest ATP IeveIs 

(28.8 nmoVmg protein) and cellular energy cbarge vahie (0.8). and the Iowest levels of AMP (2.2 

nmoümg protein) and adenosine (19.7 pmoVmg protein)- Of the 6 brain regions saidied, adenosine 

levels @moVmg protein) ranged fkom 1 O in cerebral cortex to 170 in cerebeiium of rats Wed usïng 

10 kW microwave irradiation and, for cornparison, ranged fiom 840 in cerebral cortex to 2498 in 

striatwn of rats kiüed by decapitation F d  microwave killing permits precise and acauate 

measurements of purines in discrete regions of rat brain 



Introduction 

The purine nucleoside, adenosine, is a product of ATP degradation and is an important component 

of ceiiuiar m e t a b o h  Once fonned, adenosine affects physiological processes throughout the 

body and within the central newous system (CNS), Its neuromodulatory actions appear to be 

mainly inhi'bitory. For example, adenoshe depresses basal and evoked neuronal fikg decreases 

caicium uptake, and inhiiits neurotransnitter reiease (W~I et al, 1992; Coradetti et aL, 1984; 

Dunwiddie and Diao, 1994). Large amounts of  aâenosine are forrned in the CNS d e r  cooditions 

of ischaernia, hyporxia, and seizure conditions where metabolic dernand ex& energy 

supply (Wïm et aL, 1979; Schrader et aL, 1980; Van Wykn et al, 1986). Ttiese fkdings, in 

conjunction with reports tbat adenosine and adenosine analogues help protect celis against injury, 

have led to the concept tbat adenosine fùnctions as an endogenous neuroprotectant (Dragunoow and 

Faull, 1988; Marangos et al., 1990). 

The actions of adenosine, including neuroprotedon, are believed to be mediated through meral 

specific sub-types of adenosine receptors (Coliis and Hourani, 1993). The ievels of endogenous 

adenosine available to h d  to and activate these receptors help control physiological responses to 

adenosine. Therefore, one approach to understanding the centrai actions of endogenous adenosine 

is through the memuement of its levels. Since adenosine lewels can change rapidiy and markedly 

due to postmortem breakdown of ATP, acainite determinations of purine levels cannot be obtained 

under conditions where even briefpostmorte~ delays are present, as ocairs with decapitation, 

before brain enzymes are completely inactivated. 
t 

Postmortem-induced increases in adenosine and decregses in ceilular energy charge can be 



prevented by rapid inactivation of enqmes respoasiIble for adetmie nucieotide breakdown and 

adenosîne production Methods used in attemptïng to measure tissue Ievels ofpurines in brain 

under conditions where postmortem breakdown ofpurines is mïnhkd include immersion of 

whole animais or decapitaîed heads into liquid nitrogen (Mandei and LEarth, 1961). fieezing brains 

in situ ushg liquid nitrogen poured directly on the skull (Ponten et al,  1973), and fha-blow 

techniques (Veech et al., 1973; Winn et ai., 1979). A l t d e 4 y ,  mïcrodkdysk d cortical aip 

techniques have been used to masure exiraduiar levels of adenosine in vim (Van Wyiea et al, 

1986; P W  et al., 1991; Pruzagli et aL, 1993). Unforftuititely, at Ieast for our purposes, the above 

techniques, H e  to varying degrees are s u d  at providhg acairate measures of purine levek, 

do not allow for the simultaneous analysis of endogenous adenosine leveis in multiple brain regions. 

A method that does rapidly inactivate enzymes as weii as permit regional measurement of 

endogenous purines is hi@-energy f d  microwave irradiation, In the recent past, microwaves 

approved for animai lolling and used to determine leveis of endogenous adenosine typically 

possessed maximum power outputs of only 1.33,3.5 or 6.5 kW (Wojcik and N a  1982; Yanik 

and Raduiovackï, 1987; Clark and Dar, 1988). ûver the past few years more p0werfÙ.l microwave 

units have becorne commercialiy available and here, we report on IeveIs of adenosine and adenine 

nucleotides in brains of animals kiiled by 3.5,6.0 and 10 kW offocused high energy microwave 

irradiation, and compare these r d t s  with lwek using other methods of k.iiling animals. 



Materiais and methods 

M e  Sprague-Da* rats weighing 140-170 g were obtained î?om the University of Bhi toba 

Centrai Animal Care breeding fàdïiy- Ail pmt0coIs used in these studies were performed in 

accordance with Animal Care Ethics Cornmittee guidelines 

Rats were divided into six groups. The first 3 groups were killed by focused microwave (Cober 

Electronics, Stamford, CT); for group I we used a power Ievei of 10 kW for 1.25 s, for group 2 

we used 6.0 kW for 2 s, and for group 3 we used 3.5 kW for 3 -25 S. Irradiation tïmes at each of 

these power output leveis were determined empiridy as the Ieast time necessary for temperature 

of cerebral cortex to reach 85°C; a temperaaue by which purine enzymes were deaatured- For rats 

in groups 1-3, brains without cerebeiim or brain stem were removed, divided into two 

hernispheres, and fiozen at -80°C until taken for assay- Rats in group 4 were kiiid by decapitation 

and brains were quicidy removed at room temperature (henceforth r e f i e d  to as decapitated rats), 

fiozen on dry ice, and stored at -80°C untii taken for assay- R .  in group 5 were kïiied by 

decapitation and heads were dropped diredy into üquid nitrogen until 'boiiing' stopped 

(approxhately 5 min). ~ollowing storage overnight at -80°C. braios were removed (wiîhout 

aiiowing the brain to thaw) and stored at -80°C until taken for assay. Rais in group 6 luid their 

b r a h  fiozen in situ ushg an adaptation of the method of Ponten et al. (1973). Briefiy, rats were 

anaesthetid with sodium pentobarbii (65 mglkg i-p.) and the skuii arposed by making a midiine 



skin incision A plastic fùnnel was placed M y  on the skuii and the skin was suhired to keep the 

fùnnei in place- Liquid nitrogen was p o d  dirsaly ont0 the through the fiimwl fbr 3 min 

(respiration stopped after appmximaîely 40 s) at *ch poinî the brain was fiozen and the whole 

animai was then i m m d  into liquid nitrogea, Rats were stored overnight at - W C  and brains 

were removed and stored as above- For the regional study, 2 groups of rats were used: one group 

(equivatent to group 4) was kilied by decapitation and the 0 t h  group (equivaent to p u p  1) was 

kilied by f d  microwave uradiaton at lOkW for 125 S. Six brain regions including the 

hippocampus, hypoihalamus, d r a i  c o r t e  süktum, cerebelhun and olfactory bulbs were 

dissecteci and hzen  at -80°C until taken for adenosine ardysis. 

Assav of nucleotides and adenosine 

Cerebd hemispheres were assayed separately: one hemisphere was analyzed for AMP, ADP, and 

ATP content, and the other was analyzed for ademsine. For AMP, ADP, and ATP measurements, 

brain were homogeaued in 2% trichloroacetic acid using a Polytron (setting 6,20 s). Aüquots of 

250 pL were cenûïfûged for 4 min at 16,000 x g and following addition of 200 pL of tri-n- 

octylamùie/fieon (45: 155) to each supeniatant, tubes were vortexed for 5 s and cenûifbged for 2 

min at 16,000 x g. The top aqueous iayer was taken for HPLC analysis using a pBondapak column 

(3 -9 x 300 mm, Waters) and a mobile phase consisting of0.1 M KHzPO4 1% methan04 pH 6.0, 

nin isocraticaiiy at 1.0 d m i n  Nudeotides were detected at 254 nm and extemal standards were 

treated the same way as brain tissue samples ATP, ADP, and AMP peaks were identified by 

retention thne as well as by m e t a b o h  ushg 5'-nucleotidase or apyrase. Data were exppssed as 

nrnoVmg protein The energy charge was dculated as (% ADP + ATP)/(AMP + ADP + ATP). 

For the detennination of adenosine leveIs, brain hemispheres were homogenized in 10 volumes of 



0.3 M ZnSO4 using a Polytron (setting 6,20 s). Aiiqouts of 250 pi were added to 250 pi of 0-3 M 

Ba(0N)z and fJgitrifiiged for 4 min at 16,000 x g The supernatant (350 pi) was added to 50 pi 

chloracetaldehyde (800 pbl final conuimtmtion) and heated at 8S°C for 1 hour to fonn the 

fluorescent d erivabive N6-ethenoadenosine (Zhang d d, 1991). Samples wen injectexi into a RP 18 

Spheri 5 oolumn (4.6 x 100 mm, Brownlee) uJiag a mobile phase consishg of 0.01 M N v 2 p O I ,  

17% metbanoi, pH 5.0 run isocratidy at 1.3 d m i n ,  The excitation wavelength ofthe detector 

was set 275 nm and the emission wavelength was 407 nm. Externa1 standards consisteci of 1 pM 

adenoshe derivatïzed as above. Daia were arpressed as pmoVmg protein. Proteins were 

d e t d e d  accordhg to the method of Lowry et al, (195 1)- 

Adenosùie and adenine nucleotide standards (molecuiar biofogy grade) were obtained fiom Fder 

S c i d c  as were HPLC grade potassium phosphate and ammonium phospbate. HPLC grade 

methanol was purchased Eom Burdick and Jackson and chioracetaidehyde was supplied by FIuka 

(Ronkonkoma, NY). Apyrase (EC 3 -6.1 S.) and 5'-nuclmtidase (EC 3.1 -3 -5.) were purchased fkom 

Sigma Chernical Co. (St. Louis, MO.) 

Statistical aaalysis was carried out by one way analysk of variance (ANOVA) followed by Tukey- 

Kramer's multiple c o m p ~ s o n s  test to detennine -cal significauce (P < 0.05). 
t 



Brain tempaatures folowing microwave inadivation were determhd by irclening a tliermocouple 

diredy into the cerebrai cortex at rostral, cenîrai and auda1 sites immediately after radiation, There 

was an inverse correlation (r = -0.96) betwan power levds used (3.5,6.0 or 10.0 kW) and the 

exposure times required for braias to be beated to 85 O C  1). Properiy microwaved brains 

attained an appearance characterized by a pale brown colour and a texture resembbg that of a 

hard-boided egg Total ùiectB9tion of enzymes responsiile for ATP breakdown was vained by 

homogenizing brains in 50 rnM Tris-HCl W e r  @H 7-4) and Hiaibatirig the tissue at 37 OC. W e  

observed no decreases in ATP nor increases in ADP, AMP or ademsine. A test solution of ATP 

subjecteâ to 10 kW for 1.25 s showed no evidene ofbreakdowa to ADP or AMP. 

The levels of adaiosine, AMP, ADP, and AT' as w d  as the caiculated aiergy charge values of 

brain tissue obtained eom rats kiUed by 1 of6 differeat methods are listed in Table 1. The levels of 

adenosine @moVmg protein) in brains of al i  3 groups of microwaved rats were s i g n X d y  (p < 

0.000 1) lower than those in the 3 groups of non-rnimwaved rats. Adenosine leveh increased as 

irradiation power decreased nom 10 to 3 -5 kW; adeaosine levels were signincantIy @ < 0.05) 

lower in rats exposed to 3 -5 kW than those exposed to 10 kW. Adenosine levels in brains fiom 

decapitated rats were significantly higher than those of rats whose decapitated heads were allowed 

to &op directiy into liquid nitrogen @ < 0.01) and than those of rats kiued by in situ M g  with 

Liquid nitrogen @ < 0.05). 



Time (s) 

Figure 1 

ReIationship between niicrowave power level 0 and exposure time(s) required for 

brains to be heated to 8PC. Brain temperature ws determined by inserting athermocouple 

probe directIy into the cerebral cortex immediately following micro wave application (r = -0.96)- 



Tablé 1 

Levels of adenosine and adenine nucleotides in brains of rats killed with microwave, decapitation, or in situ freezing techniques 

Animal Killing met hod Adenosine AMP ADP ATP Energy 
gr0uP charge 

(pmoVmg prot .) (nmoVmg prot .) (nrnoVmg prot .) (nmoVmg prot.) 

1 (n = 7) Microwave (10 kW) 19.7 + 2.4 2.2 5 0.3 13.5 0.5 28.8 12 .4  0.80 5 0.01 

2 (n = 9) Microwave (6 kW) 31.8 2 6,s 3,8 2 0.3 15.1 1: 0,4 26.9 t 1.3 0.75 + 0.01 

3 (n = 9) Microwave (3.5 kW) 36.8 I 3 .O 4.1 + 0.4 14.9 2 0.5 21.7A 3.4 0.72 2 0.01 

4 (n = 6) De!capitation 1127 293 28,6 2 1.8 6.1 2 0.7 O S  + O, 1 0,12'0,01 

5 (n = 5) Decapitation (üq. N2) 667 46 17.7 2 2.2 12,2 2.0 2 6  i 0.5 0,26 2 0.02 

6 (n = 5) Liquid Nz (in situ) 743 53 12.9 2 0.8 13-42 1.1 2,2 0.1 0.32 t 0.01 

- - -- - - -- -- 

Rats were killed with 3.5,6.0 or 10.0 kW rnicrowave irradiation, or by decapitation, decapitation with the head fiozen in liquid nitrogen, or in 

situ fieezing of the brain wit h liquid nit rogen. The numbers of animais used in each group are indicated in parent heses. Values are mean & SEM. 

Energy charge values were calculated as (W ADP + ATP)/(AMP + ADP + ATP). Statistical d'ierences between groups are as indicated in 
w 

Results section, 



Table 2 

Levels of adenosine in brain regions of rats kiiied by microwave at 10 k W  or decapitation 

Adenosine CpmoVmg protein) 
- - ~  

Microwave Decapitation 

Cerebral cortex 

S triatum 

Hippocampus 

Hypothalamus 

OIfactory buibs 

Cerebeiium 

Rats were killed with 10 kW microwave irradiation or by decapitation Values are mean 2 

SEM of 5 animais in each group. Statistical ciifferences between groups are as indicated in 

Resdts section, 



The leveis of AMP (nrnovmg protein) in brains of microwaved rats showed a tend- to decrease 

as microwave irradiation power increased. The I d  of AMP in ail 3 groups of rats kEUed by 

microwave were significantiy < 0.0001) lower than those in no11-microwaved rats. The AMP 

levels in brains of decapitated rats were signincantiy higher than those decapitaîed into licpid 

nitrogen @ c 0.01) and than those fiozen in situ @ < 0.001)- 

The Ievels of ADP (nmoVmg protein) were vpry smnler rmoog ali the gmups of rats except for 

those killed by decapitation for which the ADP leveds were sigdcantly lower @ < 0.01) than those 

in rats of the other 5 groups. 

The levels of ATP (nmohg protein) in the 3 groups ofmicrowaved rats were ali sisnificantly 

higher than those in the other 3 groups. The levds of ATP increased as irradiation power increased. 

A signifiant difïèrence (P < 0.05) was observed between rats microwaved at 10 kW and those 

microwaved at 3 -5 kW. The levels of ATP in brains of decapitated rats were significantiy lower 

than those decapitated into Iiquid nitrogen @ < 0.01) and fiom those fiozen in situ @ c 0.00 1). 

The relative changes in the different nucleotide levek are refiected in the energy charge vafues. 

Energy charge values for ail the microwaved rats were higher than the d u e s  fiom rats killed by 

decapitation, decapitation into Liquid nitrogen, and fn situ hezing8 The energy charge of brain 

decreased as irradiation power decreased and signifiant decreases were observed between the 

groups exposed to 10 kW cornpareci with those srposecl to 6.0 (P < 0-05) or 3.5 kW (P < 0.00 1). 

The energy charges of decapitated rats were significaatly lower (P < 0.001) than those &rats Wd 

by decapitation into liquid nitrogen and those fiozen m sini; the latter 2 groups were significantfy 

different fiom one another at the P < 0-05 fevei. 





designeci to Irül expakental ammals very rapidly by heating anirnai bramP to at least 8S°C in si&, 

may provide investigators with a method to -le tissue levels of purines h m  a number of brain 

regions shmitaneously. 

In our studies, a clear pattern emerged of a significanî inverse correlation between adenosine levels 

and microwave power se!ttings even when brains were iieated to at Ieast 8S°C. As the powa levels 

decreased, the time required to reach 8S°C increased and thk led to ineresses in adeaosine levels- 

The levels of adenosine in rats killed with microwave inadiation at 10 kW were 19.7 pmoVmg 

protein an4 assumiog that brain by weigk is 10 % protein, were sniilar to levels of 850-1289 

pmoVg of tissue (equivaent to 8.5 and 12.8 pmovmg protein) measured in nits killed with â&re- 

blow technique ( W i  a al., 1979). In contrast, immersion of whole animais or of decapitated 

heads hto licpid niaogen or in si& hez@ of braias with liquid nitrogen d inactivate eizymes 

more slowly and yield levels of adenosine signiscantly hi* than those measured in animais kiiled 

by high energy mïgowave or fieeze-blow. In v iw microdialysis and cortical CLIP sampling methods 

successftlly measure the exbadIu& levels of adenosine (Van Wylen et al., 1986; Phillis et al., 

199 1 ; Panagli et al., 1993); however, neither of these methods, nor the above-mentioned 

techniques (with the exception ofmicrowaves), are suitable for measuMg brain levek of adenosine 

in multiple brain regions Smuitaneously. It is apparent from our results thaî the most effective 

method of preventing pst-mortem-induced changes and meaairing tissue adenosiw Ievels is 

focused microwave (10 kW beiig the best) folowed by in situ f i d g  with liquid nïtrogen 

Decapitation into liquid nitrogen and decapitation with disseaion at rwm temperature yield much 
? 

higher levels of adenosine. 

The higher levek of adenosine obsened in brains of rats kilied by methods other than rnicrowave at 

74 



10 k W  most M y  originate fiom adenine nucleotide breakdown. The levels of adenhe nucleotides 

meaaired here wae similar to those reportai dsewhn for animals küled by micmwave @GUer 

and S w a n ,  1977; Yamada et aL, 1988) and the levels of ATP are sïmiiar to those found by in 

situ fieePng @encinska and Siiver, 1989). The ATPIADP and ATP/AMP ratios were 2 and 23, 

respectively. These ratios were dinerent fiom the ratios rrported previdy of 10 and 100, 

respectively (Erencinska and Silver, 1989), but neverthdes iadicate that very small changes in ATP 

leveis can anise large increases in levels of AMP and adenornie. nie energy charge d u e s  for rats 

küled by microwaving at 10 kW were 0.8- 

The energy charge d u e s  for brain using the other mabods ofkühg tested here wae sigaiSc8atly 

lower than rats mic~owaved with 10 kW almost exhidy because of the siower onset of enzyme 

inactivaton The energy charge vahies observeci with in situ freePne although bigher than latels 

tiom decapitated rats were, however, not as high as the en- charge of 0.95 reported by Ponten 

et al_ (1 973) and Erencùiska and Silver (1 989) most likeiy because in the absence of arti6icial 

ventiIaiion, brain tissue is exposed to hypoxia prior to the fieezing aont reaching the base of the 

brain, 

In our study of the regional leva ofadenosine in animais Irüled by microwave irradiation at 10 kW, 

we found thaî the leveis of adenosine @moVmg protein) mged 17-fold ffom 10 in cerebral cortex 

to 170 in cerebellum whüe levels in rats exposed to l e s  powerfirl irradiation Içilling systems varied 

2-fold ftom 21 1 in brain stem to 408 in cerebek cortex (Clark and Dar, 1988) and fiom 800 in 

tiontai cortex to 1500 in hypothalamus (Yanik and Radulovacki, 1987). In comparison, we found 

that adenosine leveis (pmollmg protein) in decapitated rats ranged about 3-fold 6rwi 840 in 

cerebral cortex to 2498 in striatum. Thus, it appears that large regional Merences in levels of 



endogenous adenosine can be detected only when pst-mortem metaboliSm of purines is stopped 

completeiy and very cpickly as OCME with hiBhQQ8y (10 kW) micmwave irradiaton 

h our study, the ratio of adenosine IeveIs in decapitated and miaowaved rats was lowesî in 

cerebdm and greatest in cortex. S i m k  patterns were obsefved previously (Wojcik and N a  

1982; Clark and Dar, 1988). The different Ievels of adenosine among brain regions of miwwaved 

animais and the different ratios between microwaved and decapitated animals may be because of 

uneven heating of the brain a d o r  regional distriiution of enzymees involved in adenosine 

metabolism. With regards to the fkst point, our mimwave uradiation times ensured that the 

cerebral cortex reached a ternpemture of at least 8S°C. Miaowave Vrcidiation mes nommifiorm 

heating throughout the brain with ventral brain hotta than dorsal, and cenbellum and braîn stem 

cooler than axebral cortex As a dt, purine enzymes wouid not be denatured as quickly in areas 

of the brain that do not reach 85°C and therefore adenosine 1evei.s would be higher. This may help 

explah the results observed for the cerebeiium Wdh regards to the seand point, î t  mi& be 

expected thaî brain regions where there is a greater ratio ofadenosine lewls between decapitated 

and microwaved rats, presumably caused by umtinued pst-mortem accumulation of adenosïne 

production der decapitation, would have either greater levels ofenzymes involved in adenosine 

production (5'-nucleotidase) or lower levels of enzymes imrolved in adenosine removal (adewsine 

kinase(AK) or adenosine deaminase (ADA)). Consistent with this are findings fiom our studies 

showing that ADA and AK are, in generai, highest in oltadoty bub foiiowed by cerebdum and 

hypothalamus, and lowest in cerebral wrtm sûiatum, and hippocampus (Yamamoto et al., 1987; 

unpubfished data). A cornparison with the dis tn ion of 5'-nucleotidase activity in rat brain is 

more difficult due to the discovery of at least tbree such entymes and thaefore mut  awpit madies 

of their brain regionai levels. 



The present study has shown that high energy f d  micfowaw inadiation could provide a usefiil 

meam to measure adenosine Ievels in disnete brain regions of d arperimental animais. 
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Abstract 

Udateral microinjection of N-methyl-D-aspartate (NMDA) hto striatum of rats subsequently 

kilied by high-energy focuseci microwave irradiation significantly increased in vivo levels of 

endogenous adenosine. At a dose of 25 nmol NMDA Levels of adenosine in injecteci striata 

were 263% of levels in uninjected contralateral striata An inhibitor ofadenosine deaminase 

(deoxycoformych, DCF) in combination with an inhibitor of adenosine transport (dilazep, 

DLZP) at a dose that did not affect levels of endogenous adenosine, potentiated NMDA- 

induced increases in adenosine levels to 426% ofcontraiateral striata In the presence of DCF 

and DLZP, NMDA dose-dependently hcreased levels of adenosine (% of contralateral 

striatum) nom 166% at 10 nmol to 622% at 100 nmol. NMDA-induced increases in levels of 

endogenous adenosine were completely blocked by pnor administration of the NMDA 

receptor antagonist MK80 1 (dizocilpine). Inhibitors of adenosine metabolisrn and transpon 

may provide therapeutic benefit by potentiating excitatory amino acid-induced inaeases in 

levels of endogenous adenosine in vivo. 



Introduction 

In the CNS, the mainiy inhi'bitory actions of adenosine appear to be expressed through 

interactions with several sub-types of cd-surface adenosine receptors (Collis and Hourani, 

1993). The degree to which these receptors are activateci appears to be proportional to the 

levels of endogenous adenosine and these levels are controlied by such processes as adenosine 

synthesis, release, metabolism, and reuptake (transport) (Geiger and Nagy, 1990). Levels of 

endogenous adenosine in the CNS increase significantly under conditions such as ischemia, 

hypoxia and seizue activity (Van Wylen et al., 1986; Phillis et al, 1991; Zhang et al., 1993) as 

weIl as following exposwe to excitatory amino acids and related compounds (Pazzagli et al., 

1993; Manzoni et al., 1994). The increased levels of endogenous adenosine appear to be 

neuroprotective and adenosine has been referred to as a retaliatory metabolite (Newby, 1984). 

Evoked release of adenosine by the excitatory Iunino acid glutamate, fint demonstrated 

approximately 20 years ago (Puii and McIiwain, 1975), appears to be mediated through 

activation of specific glutamate receptors that have been broadly categorized as N-methyl-D- 

aspartate (NMDA) and non-NMDA sites; this has been demonstrated in vitro using 

synaptosomal preparations and brain slices (Hoehn and White, 1990a, b, c; Craig and White, 

1993) and in vivo using cortical cup, push-pull cannula, microdialysis, and electrophysiological 

techniques (Perkins and Stone, 1983; Barbaris et al., 1984; Mitchell et al., 1993; Pazzagli et 

al., 1993; Sciotti et al., 1993; Manzoni et al., 1994). Although much usefbi information has 

resulted fiom experiments using the above mentioned approaches, these methods involve 

expenmental manipulations which themselves may iaaease adenosine Ievels to vaqhg 

degrees. An altemate method for rneasuring levels of endogenous adenosine in vivo involves 

the use of a high energy focused microwave animal sacrifice system which completely halts 

postmortem brain adenosine metabolism. Hem we show that d a t e r a l  microinjection of 

NMDA into striahim of rats subsequently kilied by high-energy focused microwave irradiation 



significantly increased levels of endogenous adenosine. These NMDA-induced inaeases in 

adenosine levels were potentiated by co-administration of inhibitors of adenosine deaminase 

(deoxycoformycin. DCF) and nucleoside transport (dilazep, DLZP) and were blocked by the 

NMDA receptor antagonist MK8O 1 (dizocilpine). Therapeuticaüy beneficial neuroprotection 

may be achieved by increasing the levels and actions of endogenous adenosine redting fiom 

excitatory sunino acid release. 

Materials and methods 

Male Sprague-Dawley rats obtained fiom The University of Manitoba Central Animal Care 

breeding facility and weighing 170 - 220 g were used in the present study. AU protowls were 

performed in accordance with University of Manitoba Animal Care Ethics Conmittee 

guidelines. 

Intra-striatal iniections 

Rats were anaesthetized with sodium pentobarbital(74 mgkg i-p.) and placed in a stereotaxic 

fiame (David Kopf instruments). NMDA (25 nmol in 50 mM Tris-HCl bufEer, final pH 7.4) 

was injected unilaterally into striatum at the co-ordinates AP 9.0, ML 3.0 and DV 4.5 

according to the atlas of Pawinos and Watson (1986). Ali rats were kept on a warming pad 

until placed in the stereotaxic fiame. Injections of 0.5 pl were made over 2 min usink a 10 @ 

Hamilton syringe with a 30 gauge needle. The needle was lefk in place for 1 min post-injection 

to ensure adequate difhsion of the injected agents away fiom the injection site. Rats were 

killed 15 min post-injection by high-energy focused microwave irradiation (Cober Instruments) 

at 10 kW for 1.25 s, a power level and exposure time necessary for brain temperatures to 



reach the desired 8S°C (Delaney and Geiger, 1996). Striata ipsiiatd and contralateral to 

injection site were dissecteci and stored at -80°C untii taken and analyzed separaîely for 

adenosine content, In order to detennine whether inhibition of adenosine deamhase and 

adenosine transport affects levels of endogenous adenosine or NMDA-induced inmeases in 

adenosine levels, separate groups of rats were injecteci with 25 nmol ofNMDA in the absence 

or presence of a solution containing 20 m o l  of DCF to inhi'bit adenosine deamiaasc and 0.5 

nmol of DLZP to inhibit adenosine transport. These doses of DCFDLZP were used in ail 

subsequent experiments because they did not affect levels of endogenous adenosine, but did 

enhance NMDA-inducecl increases in adenosine. To detemine dose-dependence of NMDA- 

induced increases in levels of endogenous adenosine, NMDA was injected at doses mg@ 

fiom 10 to 100 nmol. Controls consisteci of contralateral uninjected striata and striata from 

rats which received unilaterai intra-striatai injections of the 50 mM Tris-HCl pH 7.4 vehicle. 

In order to confirm the role of NMDA receptors, MK801 at 4 mglkg i-p. was adminiderd 30 

min prior to intra-striatal injection of 25 nmol NMDk Fieen min a f k  administration of 

MK8O 1, rats received a half dose of sodium pentobarbital(37 mgkg) and d e r  15 min 

received intra-striatai injections of NMDA Levels of endogenous adenosine in uninjected 

contralateral striata of rats receiving 37 or 74 m@cg pentobarbital were not signincantly 

difEerent (data not shown). Animals were kiiied by niicrowave irradiation as above. 

Adenosine assaYs 

For the determination of levels of endogenous adenoshe, individual striata were hohogenired 

in 1.5 ml 0.3 M ZnSO, using a Polytron (setting 6,20 s). Aliquots of ZSO pl were added to 

250 pl 0.3 M Ba(OH)2, vortex mixed, and centnfiiged for 4 min at 16,000 x g. Supematants 

(350 pl) were added to 50 pl of 5% chloracetaldehyde (800 ph4 final concentration) and 

heated at 8S°C for 1 hour to fonn the fluorescent derivative N"-ethenoadenosine (Zhang et al., 



1991). Sampies were injected onto a Bondapak C m  colmm (3.9 x 100 mm, Waters) and 

eluted with a rnobiie phase (0-01 M KH'POI containhg 8% methanol at pH 5.0) run 

isocratically at 1.0 milmie Fiuorescence rneasurernents were made at an excitation wavelength 

of 275 nm and an emission wavelength of 407 nm. Extemai staudards of 1 pM adenosine were 

denvatized and assayed as above. Proteins were determineci accordhg to the method of 

Lowry et al. (1% 1). 

Materials 

Adenosine was purchased fiom Fisher Scientific as was HPLC grade KHzPOI. HPLC grade 

methanol was obtained fiom Burdick and Jackson and chioracetaidehyde was supplieci by 

Huka (Ronkonkoma, N.Y.). N-Methyl D-aspartic acid was nom Sigma (St. Louis, MO) and 

(+)-MK80 1 hydrogen maleate (dizocilpine maleate) was obtained fiom Research Biochemicals 

International (Natick, MA). Dilazep was kindly provideci to us by Dn. Haefely and Eigenmann 

at F. Hoilinan La Roche AG. and by Drs. Kutscher and Buchner at Asta Media 2'- 

Deoxycofonnycin was a generous gift fiom Parke-Davis. 

Levels were expressed as mean 2 S.E.M. calculateci for each treatment group @moles per mg 

protein) and as a percentage of levels in uninjected striata (% of contralateral &ahun). Levels 

of endogenous adenosine in injected striata were comparai with those in contralateral 

uninjected striata using paired Student's t-tests. Analysis of the eEkcts of diaerent deatments 

upon levels of endogenous adenosine were carried out using a one way ANOVA with the 

Bonferroni correction. Statistical significance was considered to be at the P < 0.05 level. 



Levels of endogenous adenosine in uninjected contralaterai striata fiom rats which received 

O S  pl 50 mM Tris-HC1 buffer pH 7.4 were 18 1 + 49 pmoUmg protein; levels of adenosine in 

injected ipsilateral striata expressed as percent of contralateral uninjectecl side were 126 t 28 

%; this increase was not statistically siflcant. NMDA at 25 nmol sisnificantly (P = 0.034) 

increased adenosine levels fiom 144 2 25 pmoleslmg protein in contralaterd striata to 379 2 

68 pmol/mg protein in ipsilaterai striata; levels in ipsilateral striata were 263 2 16% o f  

contralateral striata (Figure 1). Levels of adenosine in injected with 20 nmd DCF and 

0.5 nmol DLZP were not statisticaiiy different fiom wntrol levels at 128 2 21% of 

contralateral uninjected striata (Figure 1). When DCF and DLZP were co-injected with 25 

nmol of NMDA, NMDA-induced increases in adenosine levels were signScantly potentiated; 

levels in ipsilateral striata were 426 2 600/o of contralateral uninjected striata (P < 0.05, Figure 

1). MK8O 1 at a dose (4 mgkg i-p.) that did not significantly affect levels of adenosine (140 2 

18% of contralateral) completely blocked NMDA-induced increases in adenosine Ievels; levels 

in ipsilateral striata were 110 2 12% of contralateral - a level not signifïcantly different to 

buffer or DCFIDLZP (Figure 2). 

In the presence of DCF/DLZP, NMDA caused dose-dependent increases in levels of adenosine 

Figure 3). Levels of adenosine expressed as percent of contraiateral striatum were 166 + 34% 

at 10 nmol, 426 & 60% at 25 m o l  and 622 + 119% at 100 nrnol. 



Buffer NMDA 

Figure 1. Levels of endogenous adenosine in striata of rats (n = 3 unless otherwise stated) 

receivhg unilateral injections of 50 m M  Tris-HCl bdiier pH 7.4 (BufEier) (n = 4), 25 nmol 

NMDA (NMDA), 20 nrnol2'-deoxycoformycin and 0.5 nmol dilazep @CF/DLZP), or 25 

nmol NMDA plus DCF and DLZP (NMDA, DCF/DLZP)- Levels in injected striata were 

expressed as a percentage of levels in the contralateral uninjectecl striata. 

'P< 0.05 NMDA v. Buffer. 

'P < 0.01 NMD4 DCF/DLZP v. DCFDLZP. 

3~ < 0.05 NMDA, DCF/DLZP v. NMDA 
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DCFIDLZP DCFiDEP DCFiDW 

Figure 2. Levels of endogenous adenosine in striata of rats (n = 3 unless otherwise stated) 

receiving unilateral injections of 25 mol NMDA plus DCF and DLZP @l'MD& DCFIDLZP), 

4 mgkg ip MK8O 1 plus DCF and DLZP (MK8O 1, DCFDLZP) or MK8O 1 plus NMDA and 

DCF/DLZP (MK8O 1, NMDq DCF/DLZP). Levels in injected striata were expressed as a 

percentage of levels in the contralateral uninjected striata 

'P < 0.05 NMDA, DCFDLZP v. MK801, DCF/DtZP 

2P < 0-05 NMDA, DCF/DLZP v. MK801, NMDA, DCFIDLZP 
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Figure 3. Levels of endogenous adenosine in striata of rats (n = 3) receiving unilaterai 

injections of buffer (open circle), or 10, 25 or 100 nmoles NMDA (closed circles) ail in the 

presence of 20 nmoles DCF and 0.5 nmoles DLZP. Levels in injected striata were expressed as 

a percentage of levels in the contralaterai uninjected striaia. Levels ofadenosine were 

significantly increased f i e r  25 and 100 nmoles NMDA compared to DCFDLZP alone. 



Discussion 

Glutamic acid plays an important role in the pathogenesis of a variety of CNS disorders 

including strokes and seizures through NMDA and non-NMDA excitatory amino acid 

receptor activation (Meldnim and Garthwaite, 1990). Adenosine, a purine nuclmside with 

neuroprotective properties in the CNS, acting at its cell SUfface receptors, inhi'bits glutamate 

release and protects against excitatory amino acid neurotoxicity (Marangos, 1990; Rudolphi et 

al., 1992). Thus, adenosine may act in retdiation to noSous stimuli to limit damage and an 

important therapeutic approach may be to increase the production and release of endogenous 

adenosine evoked by excitatory amino acids. We have shown here, using a high-energy 

focused microwave animal sacrifice system, that stimulation of NMDA receptors in rat 

striatum increased levels of endogenous adenosine in vivo and that the increased levels of 

adenosine could be potentiated by dmgs interferhg with adenosine metabolism and uptake- 

Increased release of adenosine by excitatory amino acïds in CNS tissues was fist reporteci 

approximately 20 years ago by Pull and Mcnwain (1975). Since then, reports have appeared 

showing similar responses in in viâo as weli as in Mvo preparations. Application of excitatory 

amino acids in vitro, increased release of adenosine by as much as 5-fold in rat brain 

synaptosomes, and guinea-pig and rat cortical slices (Puil and McIIwain, 1975; Hoehn and 

White 1990% b, c)- In vivo, 2- to 3- fold increases in adenosine release have been observed 

using cortical cup, push pull cannula, and microdialysis (Perkns and Stone, 1983; Barbaris et 

al., 1984; Sciotti et al., 1993). Our findings that levels of endogenous adenosine can increase 

by over 6-fold with NMDA suggest that microinjectiioas followed by killing with hi& energy 

focused Mcrowaves may be the preferred method to study effêcts of excitatory amino acids on 

adenosine levels in brain. Indeed. microdiaiysis, push puli cannula and cortical cup sampling al1 

involve a degree of surgical manipulation thet can in itseifincrease adenosine levels which is 

why investigators allow levels of adenosine to decrease and stabüize before wnpling. That we 



were able to show that unilateral intra-striata1 injections of 50 mM Tris-HCI pH 7.4 did not 

significantly increase adenosine levels in the injected side wmpared to those of the uniujected 

side suggests that our methodology is less disruptive to levels of endogenous adenosine than 

other in vivo sarnpling methods. 

The 10 kW high energy focused microwave s a d c e  system we used was designed to kill 

animals by very rapidly heating animal brains to at least 85°C in situ. By doing so, enzymes 

responsible for production and metabolism of adenosine were inactivateci completely and 

WtuaUy instantaneously (unpublished obse~ations). An inverse correlation was found 

between adenosine Ievels and microwave power settings 5 IO kW even when brains were al1 

heated to at least 85°C (Delaney and Geiger, 1996). In the present study, adenosine levels in 

striata of control rats (buffer injected) were 18 1 + 49 pmoVmg protein These lwefs of 

adenosine were similar to those of about 100-200 pmoVmg protein reporteci previously for 

striata obtained fiom unanaesthetized rats killed by microwave irradiation (Wojek and Neff: 

1982; 1983). 

Activation of NMDA and non-NMDA receptors result in inaeased Ievels of adenosine- 

Involvement of NMDA recepton is supported by findings that NMDA released adenosine, and 

that the effécts of glutamate and K' depolarization were blocked by NMDA receptor 

antagonists (Craig and White, 1993; Pazzagli et ai., 1993; Manzoni et al., 1994). Involvement 

of non-NMDA receptors is supported by hdings that glutamate, kainic acid, and quinolinic 

acid released adenosine, and that the effècts of these excitatory amino acids were blocked, at 

least in part, by non-NMDA receptor antagonists (Hoehn and White, 1990b; ~edatd et al., 

199 1). We showed complete blockade of NMDA actions on adenosine levels with MKSO 1, 

however, we cannot discount the possibility that we would observe increases in adenosine 

levels greater than 6-fold ifwe tested excitatory amho acids that activateci non-NMDA as well 

as NMDA receptors. 



We rneasured the effects of NMDA on tissue adenosine levels and no attempt was made to 

differentiate between tissue levels and released denosine- Furthe, it is presentiy unclear the 

degree to which NMDA-induced adeaine nucleotide release andor metabolism contributeci to 

the measurd increases in adenosine levels. However, nucleotides may play a minor role in 

excitatory amino acid-induced increases in adenosine because, with but one exception (Craig 

and White, 1993), there appears to be agreement thaî adenosine as such is released by 

excitatory amino acids and adenosine does not originate nom released adenine nucleotides 

(Barbaris et al., 1984; weraszko et al., 1989; Hoehn and White, 1990b). 

Dnigs interferhg with adenosine metabolism and eaaspon can potentiate the actions of 

adenosine (Geiger and Nagy, 1990; Geiger and Fyda, 199 1; Zhang et al., 1993). Ushg 

concentrations of DCF and DLZP that together had no e f f i  on basal levels of endogenous 

adenosine, these agents when CO-administered with NMDA, potentiated NMDA-evoked 

increases in adenosine levels by about 19-fold. DCF and dilazep, at doses v e y  similar to those 

used in the present study, were found not to alter seiaire severity but did rnarkedly potentiate 

the anticonvulsant potency of adenosine (Zhaag a al., 1993). DCF has been found to 

potentiate the release ofadenosine evoked with ischemia (Phillis et al., 1991) and 

dipyridamole, an inhibitor of adenosine transport, was reported to increase -A-evoked 

release of adenosine (Craig and White, 1993). Thus inhibition of adenosine metabolism andor 

transport appears to be more effective at increasing the activity-dependent release and actions 

of adenosine rather than basal levels (Mitchell et al., 1993). However, despite the resdts ofthe 

current study, we caution against an interpretation that inhibitors of adenosine deaminase and 

transport are not capable of affecting basal lewls of endogenous adenosine as we di8 not test 

higher doses or altemate dosage regimens, and others have noted the capability of such 

inhibitors to increase basal levels of adenosine ( B d k ? ~  et al., 1991; Zhang et al., 1991). 



Our measurements of NMDA-induced increases in adenosine hast ce- represent an 

underestimate because whole striata were assayed for adenosine even though only smdl focal 

injections of NMDA were marie, It remains to be determined whether the hcreased lweis of 

adenosine are SuffiCient to be neuroprotective. 
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Levels of Endogenous Adenosine in Rat Striatum. 

1- Regdation by Ionotropic Glutamate Receptors. 

S. M- Delaney and J. D. Geiger 



Glutamate release foiiowing ischaemia, hypoxïa, and seiture activity appears to play an 

important role in stimdating adenosine production and release. To determine which subtype of 

ionotropic glutamate receptors regulate adenosine levels in Mvo, we injected, unilaterally, ïnto 

rat stria- the glutamate agonists N-methyl-D-aspartate (NMDA), kainic acid or (+4a- 

amin0-3-hydroxy-5-mettiyl4isoxarol propnonic acid (AMPA). Rats were killed 15 min post- 

injection using high energy focused microwave irradiation (10 kW, 1-25 s) and adenosine 

levels were measued in striata ipsilateral and contralateral to injections. NMDA and kahic 

acid increased, dose-dependently, levels of adenosine (expressed as percentage of contralateral 

striatum) to maximal values of 613 2 19 1 % at 150 mol  NMDA and 569 2 29 % at 5 mol  

kainic acid. Adenosine levels increased by AMPA were not statistically signiticant. Levels of 

adenosine were maximaliy increased by NMDA and kainate 15 min post-injection. The e£%cts 

of NMDA were completely blocked by dizocilpine. The effects of kainic acid were d e c r d  

by the AMPAkauiate antagonist 6-cyano-7-nitroquiaoxaline-2,3-dione and were blocked by 

dizocilpine. Together, these data show that in vivo levels of adenosine in rat striatum increase 

in response to NMDA and kainate, but not AMPA receptor stimulation, and that the effeas of 

kainate appear to be mediated, at least partially, by kainate-induced glutamate release with 

subsequent activation of NMDA receptors. 
r 



Introduction 

Glutamate is the main excitatory neurotransmitter in the central newous system (CNS) and its 

release is greatly increased under pathological conditions such as ischaem-a and hypoxia 

(?hillis et ai., 1991). The recepton for glutamate are either G-protein iinked metabotropic 

receptors or cation selective ionotropic receptors. On the basis of agonist selectivity, 

ionotropic receptors have been classifled as being either N-methyl-D-aspartate (NMDA) or 

non-NMDA Non-NMDA receptors are M e r  classified as kainate- or (+a-amino-3- 

hydroxy-S-rnahyl4isoxau,l proprionic acid (AMPA)-prefemhg (for reviews see Barnes and 

Henley, 1992; Bettler and Mulle, 1995). Excessive glutamate receptor activation can resuit in 

neuronal damage (Beai, 1992; Lipton and Rosenberg, 1994). 

Adenosine, a neuromodulator within the CNS whose actions are mainly inhibitory, depresses 

basal and evoked neuronal firing, decreases calcium uptake, and inhi'bits release of excitatory 

neurotransmitters such as glutamate (Wu et al., 1982; Corradetti et al., 1984; Dunwiddie and 

Diao, 1994). Any or ail of these mechanisms may be responsible for observecl neuroprotective 

effects of adenosine receptor agonists and these effects have been municked with regdators of 

endogenous adenosine levels @AL agents) such as inhibitors of adenosine metabolism and - 

uptake (Rudolphi et al., 1992; von Lubitz et al., 1995; see Geiger et al., 1997). One benefit of 
? 

using REAL agents in attempting to promote neuroprotective actions of adenosine is that 

levels may be spec indy  increased when and where adenosine is behg produced and/or 



Glutamate and selective ligands for ionotropic giutamate receptors increase adenosine release 

in viho (Hoehn and White, 1990; Pedata et al., 199 1 ; White, 1996) as weîi as in vivo 

(fiamandas and Dnunbrille, 1980; Perkins and Stone, 1983; Chen et al., 1992; Carswe11 et al., 

1997) and adenosine decreases gl-te release (Corradetti et ai., 1984). Thus, REAL agents 

may provide feedback inhibition to Iimit excitotoxïcity and neurodegeneration Ln most of the 

above in vivo studies, microdiaiysis was used to obtain measurements of adenosine levels. 

However, one of the problerns with microdialysis is the large increases observeci after 

implantation of microdialysis probes; adenosine levels may increase over 75-fold and 24 hrs 

rnay be required for levels to decline to near basal values (Baiierïn et aL, 1991). We have 

circumvented this problem by using high energy fowsed microwave irradiation (10 kW) to 

prevent post-mortem metabolism of adenine nucleotides to adenosine. This method allows for 

precise and accurate measurement of in vivo levels of adenosine akin to those obtained by 

keeze-blowing with the added advantage that measurements can be made in discrete brain 

regions (Delaney and Geiger, 1996). 

We previously reported that unilateral intrastriatal injections of25 nmol NMDA into rats 

followed by high-energy focused microwave irradiation significantly increased levels of 

endogenous adenosine by more than 2-fold and that this increase was potentiated by co- 

administration of inhibitors of adenosine transport and metaboiism (Delaney and Geiger, 
r 

1995). Here, we report on the use of selective glutamate receptor agooists and antagonists to 

characterise the role of different ionotropic glutamate receptors in increasing levels of 

endogenous adenosine. 



Materiais and Methods 

Animais 

Male Sprague-Dawley rats (1 70- 190 g) were obtained fiom the University of Manitoba 

Central Animal Care breeding facility- AU procedures foiiowed Canadian Council on Animal 

Care guidelines and were approved by the Animal Care Cornmittee at the University of 

Manitoba 

Animais were anaesthetized with 74 mglkg sodium pentobarbital (i-p.), placed in a stereotaxic 

name, and unilaterai intra-striatal injections were performed using the coordinates (in mm) AP 

9.0, ML 3.0, and DV 4.5 (Paxinos and Watson, 1986). Drugs were administered in a volume 

of 0.5 pl using a 30 gauge needle over a 2 min period. The needle was left in place for 1 min 

post-injection to aiiow difision of dmg away from the injection site. NMDA and kainic acid, 

dissolved in 50 mM Tris-HCl with the pH adjusted to 7.4 with NaOH, were administered at 

doses ranging fiom 5 to 150 nmol and 0.125 to 8 m o l  respdvely. AMPA was dissolved in 

HCl, the pH was adjusted to 7.4 with NaOH, and the volume was adjusted with 50 m M  Tris- 
? 

HCl (pH 7.4) for administration of doses ranging nom 12 to 30 nmol. Control rats received 

unilaterai injections of 0.5 pl 50 mM Tris-HCl pH 7.4. Rats were killed by high energy 

focused-microwave irradiation (Cober Instruments) at a power level of 10 kW for 1.25 S. Rats 

were killed 15 min post-injection except in time course studies when rats were allowed to 



survive for times ranghg Eom 5 to 45 min after receiving intra-striatai injections. Brains were 

removed, and striata were dissecteci and analyzed separately for tissue adenosine content using 

HPLC with fluorescence detedon (Delaney and Geiger, 1996). Protein was determineci using 

the method of Lowry et al. (1% 1) with BSA as standard. Tissue adenosine content was 

expressed as either pmol per mg protein or as a percentage of uninjecteci contralateral 

striatum. 

To confirm the role of NMDA receptors, duoalpine (4 m g k g  or 6 mgkg i-p.) was dissolved 

in 0.9 % saline and admùustered 30 min prior to intrastriatal injection of NMDA or kahate. 

Fieen min &er administration of duocilpine, rats received 37 mgkg sodium pentobarbital 

(representing a one haif dose due to the sedative effécts already manifésted by dizocilpine) and 

after 15 min received intra-striatal injections of NMDA or kainic acid. To prevent 

hypothemiia, rats were kept on a watmirig pad umil taken for rnicrowave irradiation. Levels of 

adenosine in uninjected contralateral striata of rats receiving either 74 or 37 mg/kg sodium 

pentobarbital were similar (data not shown). In order to confirm the role of kainate receptors, 

6-cyano-7-nitroquinoxahe-2,3-dione (CNQX, 5 nmol), dissolved in 0.1 N NaOH with 

volumes adjusted with 50 rnM Tris-HCI pK 7.4, was administered by itselfor co-injected with 

0.25 nmol kainic acid. Vehicle controls were used throughout these studies. 

Adenosine was obtained fiom Fisher Scientifk as was HPLC grade Kw04. 

Chloracetaldehyde was purchased from Fluka (Ronkonkoma, NY) while HPLC grade 



methan01 was supplied by Burdick and Jackson. NMDq Irainic acid, and AMPA were 

obtained fkom Sigma (S t. Louis, MO). (+)-MK80 1 hydrogen maleate (dizocilpine maleate) 

and CNQX were suppiied by Research Biochemids International (Natick, MA). Ali other 

chernicals were of analytical grade and were from standard Iaboratory sources- 

Data analvses 

Adenosine Ievels @moVmg protein) in injecteci striata were calculated as a percentage of levels 

in uninjecteci contraiateral striata and expressed as mean 2 SEM for each drug treatment 

group. Levels in injected striata were compared with those in uninjected sides using Student's 

paired t-tests. DifEerences between dmg treatment groups were analyzed either by one way 

analysis of variance (ANOVA) foIiowed by Tukey-Kramer multiple cornparisons test or by 

Student's unpaired t-tests. For ai i  tests, statistical significance was considered to be at the P < 

0.05 level. 

Levels of endogenous adenosine in uninjected striata of rats were 80 + 13 pmoVmg protein 

while those in striata injected with b e e r  were 87 523 pmoVmg protein (data not shown). 
x 

When calculated as a percentage of uninjected contralateral striatum, levels of adenosine in 

bufEer-injected stnata were 105 + 17 %. 



NMDA injected unilateraliy into striata at doses ranghg fiom 5 to 150 nmol, dose- 

dependently increased levels of adenosine (Figure 1). The minimum dose of NMDA required 

to produce a statistidy si@cant inaease in adenosine levels of 238 + 21 % (P < 0.05, 

paired t-test) was 10 mol; the apparent EDSO dose was 50 m o l  and maximal increases of 

about 6-fold were obtained with 100 nmol- 

Kainic acid injected unilateraiiy into striata at doses ranging 6rom 0.125 to 8 nmol dose- 

dependently increased levels of adenosine (Figure 2). The minimum dose of kainic acid 

required to produce a statisticaiiy signiscant increase in adenoshe levels of 350 + 67 % (P < 

0.05, paired t-test) was 0.25 nrnol; the apparent EDsO was 0.2 mol, and maximal increases of 

about 6-fold were obtained with doses of kainic acid mging nom 2 to 5 mol. 

AMPA injected unilaterally into striata at doses ranging firom 12 to 30 nmol did not produce 

statistically significant increases in levels of endogenous adenosine; maximal increases of 192 2 

30 % were observed at 19 nmol (Figure 3). 

Having found that NMDA and kainic acid both significantly increased levels of endogenous 

adenosine, we performed thne course experiments to determine the tirne at which maximal 

increases would be observed- The doses of 25 nmol NMDA and 0.25 nrnoi kainic acid were 
? 

chosen on the basis of results from initial experiments that suggested that these doses 

represented, approximately, EDso values. M h a l l y  inaeased levels (27 1 2 3 5 %) were 

observed 15 min &et unilateral administration of 2S nmoI NMDA and levels returned to basal 

values of 106 2 33 % 45 min post-injection (Figure 4). Similarly, levels of adenosine peaked 



at 350 + 67 % 15 min post-injection of 0.25 moles kainic acïd (Figure 5). However, wÏ& 

kainic acid, levels of adenosine retumed to values not significantly dinerent fiom control, 132 

+ 12 %, 30 min post-injection. - 

Dizocilpine (4 mgkg) decreased simiificantly (P < 0.05, unpaired t-test) basal levels of 

endogenous adenosine to 38 f: 1 1% regardless of whether data were compared with buffer- 

injecteci striata (Le. control rats) or with uninjecteci contralateral striata (Figure 6). The levels 

of endogenous adenosine of 75 2 22 pmohg protein were not sigdicantly diEerent fiom 

control levels even though these rats received half doses of anaesthetic (37 mg/kg). NMDA- 

induced increases in adenosine were blocked by dizocilpine preadministered 30 min pnor to 

NMDA (figure 6 and 7). A dose of 4 mgkg dizociipine blocked signifïcantly (P < 0.05, 

unpaired t-test) the increase in leveis of adenosine induced by 25 nmoles NMDA fiom 271 2 

35 % to 82 + 18 % (figure 6). Even at high doses (100 nmol) of NMDA, 4 mg/kg and 6 

mgkg doses of dizodpine significantly decreased levels of adenosine f?om 580 + 64 % to 238 

+ 53 % (ANOVA, P < 0.05) and fiom 580 -+ 64 % to control values of 104 & 3 8 % (P < 0.0 1, - 

ANOVA), respectively (Figure 7). 

The cornpetitive kainate/AMPA receptor antagooist CNQX at a dose of 5 nmol deaeased 

kainic acid-induced increases in levels of adenosine fkom 350 2 67 % to 154 2 56 % (Figure 
t 

8). CNQX decreased significantly (P < 0.05, unpaired t-test) basal levels of adenosine to 43 + 
14 % compared to vehicle which itself had no effect on lwels of adenosine (94 + 24 %). 

Because some of the e f f i s  of kainic acid have been attribut4 to glutamate release and 

subsequent NMDA receptor activation, we administered 4 mgkg dizocilpine (i-p-) 30 min 



pnor to intra-stnatal injection of 0.25 nmoles kainic acid and observed a signifiant (P < 0.01, 

ANOVA foiiowed by Tukey-Kramer multiple cornparison post-tests) reduction in Levels of 

adenosine fkom 350 2 67 % to 40 2 2 % (figure 8). 



NMDA (nmoles) 

Fi y r e  1. Levels of endogenous adenosine in striata o f  rats (n = 3 to 8) receiving unilateral 

injections of NMDA at doses ranging nom 5 to 150 mol. Levels in injected striata were 

expressed as a percentage of levels in contralaterai uninjected striata Levels of adenosine were 

signifïcantly kcreased (* P < 0.05; ** P < 0.0 1) wmpared to uninjected striata (Students 

paired t-test). 



Kainic acid (nmoles) 

Figure 2. Levels of endogenous adenosine in striata of rats (n = 3 to 9) receiving unilaterai 

injections of kahic acid at doses ranging fkom 0.125 to 8 ~ n o l .  Levds in injectecl striata were 

expressed as a percentage of levels in contralateral uninjected striata. Levels of adenosine were 

significantly Uicreased (* P c 0.05) compared to uninjected striata (Students paired t-test). 



AMPA (nmoles) 

Figure 3. Levels of endogenous adenosine in striata of rats (n = 3 to 5) receivhg unilateral 

injections of AMPA at doses ranging fiom 12 to 30  nmol. Levels in injecteci striata were 

expressed as a percentage of levels in contralateral unùijected striata and no statistically 

signifiant differences were noted compared to unuijected striata (Students paired t-test). 



25 nrnoles NMDA 

Post-injection time (min) 

Figure 4. b e l s  of endogenous adenosine in striata of rats (n = 4 to 8) 5 to 45 min after 

receiving unilateral intrastriatal injections of 25 mol  NMDA Levels in uijected striata were 

expressed as a percentage of levels in uninjected contralateral striata Levels of adenosine were 

significantly increased (* P < 0.05) compared to uninjected striata (Students paired t-test). 



0-25 nrnoies kainic acid 

Post-injection time (min) 

Figure S. Levels of endogenous adenosine in striata of rats (n = 4 to 5) 5 to 30 min aAer 

receiving datera l  intrastriatai injections of  0.25 nmol kainic acid. Levels in injected sviata 

were expressed as a percentage of levels in uouijected contralateral striata Levels of adenosine 

were signincantly increased (* P < 0.05) compared to uninjectecf striata (Students paired t- 

test). 



Bufier Buffer + 
dhcilpine 
4 rral/kg 

- -  

NMDA 
25 nmol 25 nrnol + 

dizocilpine 
4 W/kg 

Figure 6. Levels of endogenous adenosine in striata of rats receiving unilateral uitrastriatal 

injections of 50 mM Tris-HCl b s e r  pH 7.4 (n = 7), buffer plus dizocilpine 4 mgkg i.p. (n = 

4), NMDA 25 nmol (n = 8) or NMDA 25 nrnol plus 4 mgkg i. p. dizocilpine (n = 3). Levels in 

injected striata were expressed as a percentage of levels in uninjected contralaterai striata. * 

Levels of adenosine were significantly decreased (P < 0.05) compared to uninjected striata 

(Students paired t-test). ** Levels of adenosine were significaatly increased (P c 0.05) 

compared to uninjected striata (Students paired t-test). 
r 

Dizocüpine signincsntly decreased levels of adenosine compared to b d e r  (P < 0.05) or to 25 

nmol NMDA (P < 0.01). 



100 nmol 100 n m l +  100 nmol+ 
diaocilpine dizocilpine 
4 rilgm 6 n i e h  

Figure 7. Levels o f  endogenous adenosine in striata of rats receiving unilateral intrastriatal 

injections of NMDA 100 nmol (n = 6), NMDA 100 nmol plus ditocilpine 4 mgkg i.p. (n = 3) 

or NMDA 100 nmol plus dizocilpine 6 mgkg i.p. (n = 3). Levels in injected striata were 

express4 as a percentage of levels in uninjected contralateral striata. * Levels of adenosine 

were signiscantly increased (P < 0.05) compared to uninjecteci striata (Students paired t-test). 
? 

Levels of adenosine in the presence of NMDA 100 nmol were decreased significantly by 

dizocilpine at 4 mg/kg (P < 0.05) and 6 mg/kg (P < 0.01) (ANOVA foliowed by Tukey- 

Kramer multiple cornparisons test). 



vehicle CNQX Kainic acid Kainic acid Kainic aâd 
5 nmol 0.25 nmol 0.25 nmol 0.25 nrnol + 

+ CNQX diaocilpine 
5 nmol 4 rriglkg 

Figure S. Levels of endogenous adenosine in striata of rats receiving unilateral intrastriatal 

injections of vehicle (n = 9), CNQX 5 nmol (n = 7), kainic acid 0.25 mol, kainic acid 0.25 

nmol plus CNQX 5 m o l  (n = 4) or kainic acid 0.25 nmol plus dWcilpine 4 mgkg i.p. (n = 4). 

Levels in injected striata were expressed as a percentage of levels in uninjected contralateral 

striata. * Levels of adenosine were signiscantly difEerent (P < 0.05) compared to uninjected 

striata (Students paired t-test). CNQX signincantly decreased levels of adenosine compared to 
r 

vehicle wntrols (P < 0.05; Students t-test). Levels of adenosine in the presence of kainic acid 

0.25 nmol were significantly decreased by CNQX 5 nmol (P < 0.05) and duocilpine 4 mgkg 

i-p. (P < 0.01) (ANOVA followed by Tukey-Kramer multiple comparisons test). 



Discussion 

Adenosine is produced in and released nom CNS tissue preparations in response to a variety 

of conditions including, but not Limiteci to, depolarïzation, ATP metabolism, and glutamate 

receptor activation (Berne et al., 1974; Van Wylen, 1986; Phfis et al., 199 1 ). Evidence that 

adenosine, adenosine analogues, and regdators of endogenous denosine levels (REAL 

agents) can inhi'bit glutamate release and pathological consequences associated with glutamate 

release (Corradetti et al., 1984; F i  et al., 199 1) suggests that adenosine rnay represent a 

'brake' against prolonged glutamate receptor activation and excitotoxicity. We showed 

previously that NMDA injected unilaterally into rat striatU.cn increased levels of endogenous 

adenosine and that a combination of an adenosine transport inhibitor and an adenosine 

deaminase inhibitor augmented the NMDA-induced changes (Delaney and Geiger, 1995). 

Because adenosine-glutamate interactions rnay be condition-spdc, it was important to 

characterize the subtypes of ionotropic glutamate receptors that regulate in wïvo levels of 

endogenous adenosine in rat striatum. Here we show that NMDA and kainic acid, but not 

AMPq significantly and dose-dependently increase levels of adenosine, and that the effects of 

kainic acid appear to be mediated, at least in part, through NMDA receptors. 

Previously, kainate and NMDA were found to evoke adenosine release in vitro fkom rat 
Z 

cortical (I30eh.n and White, 1990; Craig and White, 1993) and hippocampal slices (Manzoni et 

al., 1994). as well as in vivo fiom rat hippocampus and cortex ( P e r b  and Stone, 1983 ; Chen 

et al., 1992; Carsweii et al., 1997). Here, in vivo levels of endogenous adenosine were 

significantly increased by NMDA and kainate, and NMDA-induced levels were sunilar to 



those obtained previously by Delaney and Geiger (1995) and to values in the two cornpanion 

papers to this report @el- and Geiger, submitted). Levels of adewsiae in response to 

NMDA and kaïnate peaked at 15 min post-injection and thereafter declined to basal levels by 

45 min for NMDA and 30 min for kainate. Similar patterns for changes in levels of adenosiae 

have been described in coxtex and striatum following ischaemia and hypoxia (Van Wylen et al., 

1986; Phillis et al-, 199 l), as well as in hippocampus in vbo following administration of 

glutamate receptor agonists (Chen et al., 1992; Carsweli et al., 1997). The doses of NMDA 

and kainate used here were similar to those that have been found to produce excitotoxic 

lesions in striatwn (Finn et al., 199 1; Globus et al., 1995; Schdz et al., 1995)- 

NMDA-induced inmeases in levds of adenosine appeared to be mediated through specifk 

ionotropic NMDA recepton because the responses to NMDA were blocked by the non- 

cornpetitive NMDA receptor antagonia dizocilpine. Although bufEer injections into rat striata 

did not result in significantly increased levels of adenosine, our results showing that duocilpine 

significantly decreased levels of adenosine in buffer-injected striata suggests arongly that 

glutamate was released in response to mechanical injury from needle insertion. 

Mechanistically, the blockade by dizocilpine may have been due either to its non-cornpetitive 

use-dependent blockade of NMDA recepton (Kemp et al., 1987) or because mechanical injury 

to neurons decreased voltage-dependent M ~ ~ '  blockade of NMDA receptors (Zhang et al., 
2 

1996) thereby increasing the blockade exerted by dizocilpine. Further, Our findings suggest 

that even though NMDA receptoa were activated after mechanical injury adenosine levels 

were not inaeased because that level of activation was accommodatecl by adenosine 

metabolizing enzymes and transport systems. Indeed, inhibition of adenosine removal by 



adenosine transport and metabolism prevented the decreases in levels of adenosine observed 

d e r  ditocilpine treatment (see Figure 2, Chapter 2). 

Kainate-induced inmeases in lwels of adenosine were blocked by the cornpetitive 

AMPAkainate antagonist CNQX As with &ocilpine, CNQX decreased levels of adenosine 

in buffer-injected striata thus indicating that CNQX blocked the tonic production of adenosine 

possibly resulting fiom endogeaous glutamate stimulation of kainate recepton. Because 

kainate can induce glutamate release (Ferkany and Coyle, 1983; Young et al., 1988) and 

thereby contribute to kainate's e f f i  mediated through other glutamate receptor subtypes 

(reviewed by Coyle, 1983), we tested whether dizocilpine blocked kainate-induced increases in 

levels of adenosine. indeed, dizocilpine at 4 mg/kg was more effective than 5 m o l  CNQX. It 

is dïflicult to compare the potencies of these two antagonists because dizocilpine works use- 

dependently and CNQX competitively blocks glutamate released by kainïc acid. Our data 

suggest that in striatum, glutamate released by kainate activates NMDA receptors and results X 
in higher levels of adenosine. This appears to contrast with results showhg that NMDA 

receptors do not appear to play a major role in kainate-induced increases in levels of adenosine 

in hippocampus in vivo (Carswell et al., 1997) and thus may renect regional differences in the 
qLWd &--- -- -- 

A 
ability of kainate to r e g d a t e e  adenosine releas? -Fa - 

? 

In contrast to NMDA and kainate, intrastrïatal injection of AMPA did not significantly affect 

adenosine levels. Similady, AMPA had minimal effkcts on adenosine release from hippocampal 

slices (Pedata et al., 1991). However, AMPA and quisqualate (a non-selective agonist with 

activity at AMPA receptors) increased adenosine release in cortical slices (Hoehn and White, 



1990; Craig and White, 1993; White, 1996). Even though cortical, striatal, and hippocampal 

brain regions all wntain NMDA, AMPA, and kahate receptors (Cotman and Monaghaq 

1986; Young and Fagg, 1990), there appear to be regional differences in the ab'* of these 

receptor subtypes to evoke increases in levels of adenosine AMPA in doses very simïiar to 

those used here can cause excitotoxïc damage in striatum (McDonald et al., I992), but it is 

possible that AMPA excitoxicity does not increase adenosine levels. There is evidence for a 

cornmon site of action for kainic acid and AMPA as well as for kainate acting at a unique set 

of receptors @ames and Heniey, 1990), however because AMPA had no signincant efféct on 

levels of adenosine, it seems clear that kainate acted through its own receptors. 

The mechanisrns that Iink NMDA and kainate receptor stimuiation to increases in adenosine 

leveh have been elucidated in the second (Delaney and Geiger, submitted (a)) and third 

(Delaney and Geiger, submitted (b)) papers in this three part investigation. In the second paper 

we determinecl that NMDA-induced increases in adenosine levels were due in part to 

intracellular adenosine production. IntraceMar adenosine accumulates under conditions of 

ATP breakdown. This may also explain the origui of kainate-induced increases in levels of 

adenosine since it has been shown that kainate in combination with glutamate rapidIy 

deaeased ATP levels and that striatal energy charge and levels of AT' were decreased &er 

in vivo administration of kainic acid (Coyle, 1983). In the third paper, we demonstrated a rote 
2 

for fkee radicals in NMDA-induced increases in adenosine. Free radicals have also been 

implicated in both kainate-induced increases in hippocampai levels of adenosine (Carswell et 

al., 1 997) and death of cerebellar neurons (Dykens et al., 1987). 



Adenosine agonists prewnt both NMDA and kaiaate data1  toxicity in vivo a ai., 1991) 

thus implying that production of adenosine is indeed a neuroprotective response. However, 

potentiation ofadenosine levels by the adenosine deaminase inhi'bitor, 2'-deoxycofonnycin did 

not prevent neuronal damage in a rat modei ofglobal ischaemia (DeIaaey and Geiger, 1993) 

where AMPA receptor activation is involved (Li and Buchan, 1993). In wntrast, NMDA 

receptors have been implicated in focal ischaemia (Wahlestedt et al., 1993) and, in this modei, 

2'-deoxycofonnycin was neuroprotective (Lin and Phillis, 1992). Thus, through application of 

adenoshergic strategies, excitoxic damage may be preventable arid/or treatable especidy 

when directed at events where NMDA and possibly kainate receptors are involved 
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CHAPTER 4 

Leveis of Endogenous Adenosine in Rat Striatum. 

[I. Reguiation of Basal and NMDA-Ioduced Levels by Inhibitors of Adenosine Transport and 

Metabolism- 

S. M- Delaney and J. D- Geiger 



Abstract 

Selective inbibitors of adenosine production, degradation and transport were used to 

potentiate in vivo levels of adenosine and to determine the source of both basai and N-methyl- 

D-aspartate (NMDA)-induced inaeases in levels ofadenosine. Male Sprague-Dawley rats 

received d a t e r a 1  intrastriatal injections of pharmacological agents and were killed by hi@- 

energy focuseci miaowave irradiation (10 kW, 1-25 s) 15 min post-injection. Ipsilateral and 

contralateral striata were dissected, and adenosine levels were mea~u~ed using HPLC. 

Inhiiition of 5'-nucleotidase by a$-methyleneADP decreased, dose-dependently, adenosine 

levels under basal as weU as NMDA-stimulateci conditions. Inhibition of nucleoside transport 

by dilazep and adenosine deaminase activity by 2'-deoxycoformycin each dose-dependently 

increased basal as well as NMDA-induced increases in adenosine levels. Inhi'bition of 

adenosine kinase activity by 5'-amino-5'-deoxyadenosine increased basai levels of adenosine, 

but had no effect on NMDA-induced increases in adenosine. 2'-Deoxycoformycin combined 

with 5'-amino-5'-deoxyadenoshe produced a greater enhancement of NMDA-induced 

increases in levels of adenosine than when either drug was administered separately. Together, 

these results suggest that both basai and NMDA-induced increases in levels of adenosine result 

fkom intracellular formation and release of adenosineper se as weii as fiom release and 

extracellular breakdown of a nucleotide, and that the efficacy with which regulators of 
t 

endogenous adenosine levels work depends on the level of tissue activation, i.e. basal versus 

NMDA stimulation. 



Introduction 

The neuromodulatory actions of adenosine in the CNS are mediateci through specinc cdl 

d a c e  receptors (Palmer and Stiles, 1995) and the degree of receptor activation is govemed 

by the levels of adenosine a d a b l e  to act at its receptors. The levels of adenosine are 

wntroiied by metabolic and transport processes (for rewiew see Geiger et al., 1997) and large 

amounts of adenosine are produced during hypoxïa, ischaemia, and seizure activity where it is 

thought to have neuroprotective hc t ions  (von Lubitz, 1995). 

Adenosine can be produced by dephosphorylation of AMP by both soluble (cytosolic) and 

ecto- (extracellular) 5'-nucleotidase (EC 3-1-35) (Nagata et al-, 1984); ecto-5'-nucleotidase 

activity can be inhibiteci by gp-methyiene ADP (a#-MeADP). Metabolkm of adenosine is 

catalyzed by adenosine kinase (EC 2.7.1.20) which results in formation of AMP or by 

adenosine deaminase (EC 3 54.4)  to produce inosine- Adenosine kinase has a much higher 

f i t y  (K, = 0.2 to 2.0 pM) for adenosine than does adenosine deaminase (K, = 20 to 100 

m. Under basal conditions, the main metabolic route for adenosine appears to be 

phosphoryiation by adenosine kinase while at higher levels of adenosine, adenosine kinase 

activity is subject to substrate inhibition (Yamada et al., 1980) and adenosine deaminase may 

predorninate. The relative contribution of these two enyme systems has been the subject of 
? 

much discussion and selective inhibitors for adenosine kinase and adenosine deaminase have 

been used efféctively as tools to determine the relative contributions of these enzymes in 

regulating adenosine levels. 



Once formed, adenosine an be transporteci across cellular plasma membranes by bidirectiod 

equüibrative nucleoside transporters or by sodium-gradient dependent active transporten (for 

review see Cass, 1995) and nucleoside transport inhibitors may provide usefùi information 

about sites of adenosine formaton. For example, if adenosine production is intraceiluiar, then 

inhibition of bidiredional equiliirative transport is predicted to prevent accumulation of 

adenosine extraceiiularly. Altematively, ifadenosine is produced extraceliulariy by breakdom 

of a released nucleotide, inhibition of equilibrative transport might be expected to prevent 

uptake/metabolism of adenosine. However, the use of eqdibrative transport inhiiitors rnay 

not always provide such definitive m e r s  because of ambiguities surroundhg adenosine 

retease processes (Clark and Dar, 1 989; Geiger and Fyda, 1 99 1 ; Craig and White, 1993; 

Fredholm et al., 1994), and the presence of inhibitor-insensitive equilibrative and sodium 

gradient-dependent transporters (Cass, 1 995). 

Previously, we used unilateral intrastriatal injections of the glutamate agonist N-methyl-D- 

aspartate (NMDA) to increase levels of endogenous adenosine (Delaney and Geiger, 1995). 

We showed that these levels of adenosine were potentiated by coadrninistration of adenosine 

transport and adenosine deaminase inhibitors, but that these inhibiton did not Séct basal 

levels of adenosine. Here, we extend that work to determine the sources of adenosine under 

both basal and NMDA receptor-stimulatecl conditions as weil as an effective strategy to 
t 

potentiate basal and NMDA-stimulateci levels of endogenous adenosine. 



Materiais and methods 

Animais 

Male Sprague-Dawley rats (1 70- 190 g) were obtained fiom the University of Manitoba 

Centrai Animal Care facility. Al1 procedures foliowed Canadian Council on Animal Care 

guidelines and were approved by the Animal Care Cornmittee at the University of Manitoba 

intra-data1 injections 

Anirnals were anaesthetized with 74 mgkg sodium pentobarbital (Lp.), placed in a stereotaxic 

h e ,  and da t e r a i  Ultra-striatal injections were perfonned using the coordinates Cui mm) AP 

9.0, ML 3.0, and DV 4.5 (Paxinos and Watson, 1986). Drugs were dissolved in 50 mM Tris- 

HCl p H  7.4 except for 5'-amho 5'-deoxyadenosine which was uiitially dissolved in 6 N HCl, 

&er which adjustments of pH to 7.4 using 8 N NaOH, and of volume with 50 mM Tris-HCI 

pH 7.4 were made. Drugs were administered (0.5 p!) using a 30 gauge needle over a 2 min 

penod, and the needle was lefi in place for 1 min post-injection to allow dfision of drug 

away fiom the injection site. Rats were kiiled 15 min post-injection by high energy focused- 

microwave irradiation (Cober Instruments) at a power level of 10 kW for 1.25 s as previously 
? 

describeci (Delaney and Geiger. 1996). Brains were removed, ipsilateral and contralateral 

striata were dissecteâ, and striata were analyzed separately for tissue adenosine content 

(Delaney and Geiger, 1995). Protein was detennined using the method of Lowry et al. (1 95 1) 



with BSA as standard. 'tissue adenosine content was expressed either as pmoles per mg 

protein or as a percentage of uninjected contdateral stria- 

Chernicals 

Adenosine was supplied by Fisher Scientïfic. N-MethyLD-aspartate -A), 5'-amino-5'- 

deoxyadenosine (5'-N&S'-dADO) and %B-methylene adenosine diphosphate (a#-MeADP) 

were obtained from Sigma (St. Louis, MO), and cbioracetaidehyde was purchased from Fluka 

(Ronkonkoma, NY). 2'-Deoxycofomycin was a generous gift fkom ParkeDavis. Dilazep was 

kindiy provided to us by Drs, Haefely and Eigenrnann at F. H o f i a n  La Roche AG. and by 

Drs. Kutscher and Buchner at Asta Media  All other chernicals were of analytical grade and 

were fiorn standard laboratory sources- 

Data analvsis 

Adenosine levels in injected striata were calculateci as a percentage of levels in uninjected 

contralateral stnata and expressed as mean 2 SEM for each dmg treatment group. Levels in 

injected striata were compared with those in the uninjected striata using a Student's paired t- 

test. Dinerences between treatment groups were analyzed either by Student's unpaired t-test 
t 

or by ANOVA foliowed by Tukey-Kramer's multiple cornparison post-test. Statistical 

significance was considered to be at the p < 0.05 level. 



Levels of endogenous adenosine in uninjected striata were 98 2 16 pmoVmg protein while 

those in striata injected wîth buffer were 104 2 3 pmoUmg protein (data not shown). When 

calculated as a percent of levels in uninjecteci contralateral striatum, adenosine levels in buffer- 

injected striata were 97 + 18 %. Intrastriatal injection of 25 nmol NMDA sigdicantly (P c 

0.00 1) increased levels of adenosine when compared to contralateral striata (23 8 + 45 %, 

Figure 1) or to buffer-injecteci striata (data not shown). 

The 5'-nucleotidase inhibitor a$-MeADP at 100 nmol did not significantly affect basal leveis 

of adenosine (101 2 22 %), but at 200 nmol decreased significantly (P < 0.05, paired t-test) 

levels to 17 5 2 % (Fig. 1). a$-MeADP at 100 or 200 nmol reduced significantly (P < 0.05) 

NMDA-induced inmeases fiom 238 2 45 % to 127 2 28 % or 85 2 30 %, respectively (Figure 

1)- 

Intrastrïatal injection of the adenosine deaminase inhibitor 2'iieoxycofonnycin hcreased basal 

Ievels of adenosine to 174 t 23 % at 20 nmol and 233 2 14 % at 40 nmol. #en co- 

administered with 25 nmol NMDA, 2'-deoxycoformycin potentiated NMDA-induced 

increases to 380 2 109 % at a dose of 20 mol  and to 738 + 122 % at a dose of 46 mol  

Figure 2). Coadmuùstration of 2'-deoxycaformycin with 100 nmol NMDA increased 

adenosine levels to 56 1 2 47 % at a dose of 20 m o l  and to 875 2 2 15 % at a dose of 40 nmol 

(Figwe 2). 



Intrastriatal injection of the adenosine transport inhibitor dïiazep at a dose of 0.5 nmol did not 

significantly a f E m  basai levels of adenosine (1 11 & 19 %) (Figure 3). However, a higher dose 

of 2.5 m o l  dilazep increased signincantly (P < 0.05) basal levels of adenosine to 349 f 62 % 

(Figure 3). In the presence of 25 nmol NMD4 dilazep increased NMDA-evoked levels of 

adenosine to 289 + 101 % at 0.5 nrnol and to 401 + 92 % at 2.5 moles (Figure 3). In the 

presence of 100 m o l  NMDA dilazep increased NMDA-evoked adenosine levels to 476 + 
102 % at 0.5 nmol and to 882 5 232 % for 2.5 nmol (Figure 3). 

The adenosine kinase inhibitor 5'-Nï&5'dADO at a dose of60 nmol incieased signiscantly 

c 0.05) basal levels of adenosine to 155 2 23 % (Figure 4). When co-administered with 20 

m o l  2'-deoxywformycin, 5'-NEZ&'-dADO increased levels of adenosine to 273 2 59 % 

(Figure 4). Coadministration of 5'-NH2-5'-dADO with 2.5 nmoles dilazep decreased the effect 

of 2.5 nmol dilazep nom 349 + 62 % (see Figure 3) to 170 f 5 1 % (Figure 4). 

SN&-5'-dADO at a dose of 60 m o l  increased the levels of adenosine induced by 25 nmoles 

NMDA fkom 238 I 45 % to 3 15 + 69 % (Figure 5). 5'-Mirs'-dADO at a dose of 60 m o l  

increased by 2.4-fold the effect of 2'-deoxycoformycin on NMDA-induced increases in levels 

of adenosine; values were 380 2 109 % for NMDA plus 2'-deoxycofomycin and were 925 2 

290 % for NMDA plus 2'-deoxycoformycin and 5'-N&-s'-MO (Figure 5). SN&-5'- 

dADO revetsed the potentiating effect that diiazep had on NMDA-induced increasis in levels 

of adenosine; levels were 401 + 92 % for NMDA plus dilazep and 247 5 52 % for NMDA 

plus Uazep and 5'-NHz-5'-dADO. 
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Figure 1. Levels of endogenous adenosine in striata of rats receiving unilateral injections of 

100 nrnol or 200 nrnol a$-MeADP in the absence or presence of 25 nmol NMDA (n = 3 to 

10). Levels in injected striata were expressed as a percentage o f  levels in uninjected 

contralateral srriata. Using paired t-test analyses, levels in injected striata were signifïcantly (* 

P < 0.05; *** P < 0.001) difEerent fiom levels in uninjected striata DifEerences between 

groups were analyzed using ANOVA foliowed by Tukey Krarner's multiple compdiison post 

test. 
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Figure 2. Levels of endogenous adenosine in striata of rats (n = 4 to 10) receiving unilateral 

injections o f  20 (closed circle) or 40 nmol (closed square) 2'-deoxycofonnycin in the absence 

or presence of 25 nrnol or 100 nmol NMDA Using paired t-test analyses, levels in injecteci 

striata were s i ~ c a n t l y  (* P < 0.05; *** P < 0.001) dserent fiom levels in uninjected striata 



NMDA (nmol) 

Figure 3. Levels of  endogenous adenosine in striata of rats (n = 4 to 8) receiving unilateral 

injections of  0.5 nmol (closed circle) or 2.5 nmol (closed square) dilazep in the absence or 

presence of 2S nmol or 100 nmol NMDA Wsing paired t-test analyses, levels in injecteci stnata 

were signincantly (* P c 0.05; ** P c 0.01, ** * P < 0.001) difKerent fkom levels in uninjected 

d a t a -  
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Figure 4. Levels of endogenous adenosine in striata of rats (n = 4 to 6) receiving unilateral 

injections of b a e r  or 60 nmol S7NH25'dAD0 in the absence or presence of either 2.5 nrnol 

dilazep (DLZP) or 20 nmol2'-deoxycoformycin (DCF). Using paired t-test analyses levels in 

injected striata were significantly (* P < 0.05) different £kom levels in uninjecteci striata. 
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Figure S. Levels of endogenous adenosine in striata of rats (n = 8 to 9) receiving unilateral 

injections of 25 nmol NMDA in the absence or presence of 60 nmol S'NH25'dAD0, 60 nmol 

S'NH2S7dAD0 plus 2.5 nmol dilazep (DLZP), or 60 nmol S'N&S'dADO plus 20 nmol 2'- 

deoxycofonnycin @CF). Using paired t-test analyses, levels in injected striata were 

significantly (* * P < 0.0 1, "* P < 0.00 1 )  different nom levels in uninjected striata 



Discussion 

Adenosïne can be formed intracellularly through the actions of cytosolic 5'-nucleotidase and 

then exit cells via bidirectional nucleoside transporters, or altematively, adenosine c m  be 

formed extraceliuiarly ti-orn metabolism of  released nucleotides by ecto-5'-nucleotidase. 

Although intra- and extra-cellular compartments in brain tissue obtaiaed f?om rats killed by 

microwave irradiation cannot be differentiated, on the basis of our resuits here, we were able 

to determine the contributions of adenosine enzyme and adenosine transport systems to total 

tissue levels of adenosine under basal and NMDA-stimulated conditions. 

Ushg the ecto 5'-nucleotidase inhibitor a,B-MeADP at doses of 100 and 200 nmol we 

observed a decrease in NMDA-induced increases in levels of adenosine, but only at the higher 

dose of 200 nmol did @-MeADP decrease basal levels. These results indicate that most of 

the NMDA-induced increases in adenosine were due to metabolism of released adenine 

nucleotides. Previocsly, in vitro studies showed that inhibition of ecto-5'-nucleotidase activity 

decreased basal adenosine release by 40 % and NMDA-uiduced adenosine release by 68 % 

(Hoehn and White, 1990; Craig and White, 1993). However, h conclusions regarding 

sources of adenosine h m  such studies appear to depend heavily on the neuronal preparations 

used as well as the method used to stimulate adenosine release (MacDonald and White, 1985; 
? 

Lloyd et al., 1993; Cunha et al-, 1996). 

On the basis of our results with a,fbMeADP, we used d'dazep, an inhibitor of equilibrative 

nucleoside transporters, to test Our hypothesis that adenosine was onginating fiom 



produced/reIeased adenine nudeotides and, that as a result, düazep wouid ina- -sine 

levels. Adenosine release via equilibrative nucleoside transportes has been documented 

(White and MacDonald, 1990; Geiger and Fyda, 199 1 ; Fredholm et al., 1994; Sweeney, 1996) 

and inhibition of this release would result in rapid metabolism by adenosine kinase and 

adenosine deaminase and decreased extracehlar levels of adenosine, Conversely, ifadenosine 

originated extracellularly, then inhibition of transport might increase leveis by preventing 

adenosine re-uptake. Although we recognise that the in viw, situation may be fiir more 

complex than this (see Geiger and Fyda, 199 1; Geiger et al., 1997), our findings that dilazep 

increased both basal and NMDA-evoked levels of adenosine suggests that extracellular 

nucleotide breakdown was occuning under basal and NMDA-stimdated conditions and that 

dilazep increased adenosine levels by blocking re-uptake. Support for these findhgs cornes 

fiom previous work showing that transport inhibition increased basal levels of adenosine in a 

variety of in vitro and in vivo preparations (Clark and Dar, 1989; Craig and White, 1993; 

Gidday et al., 1996), as well as under stimulated conditions (Dunwiddie and Diao, 1994; 

Fredholm et ai-, 1994; Diao and Dunwiddie, 1996; Park and Gidday, 1990; Gidday et al., 

1996). 

Adenosine kinase because ofits high affinitty for adenosine may be more important in 

regulating adenosine levels under basai conditions rather than under conditions where 
? 

adenosine levels are increased (Geiger et al., 1997). Consistent with this, we found that 

inhibition of adenosine kinase with 5'-amho-5'-deoxyadenosine increaseâ basal levels of 

adenosine, but did not potentiate NMDA-induced increases because substrate (adenosine) 

inhibition of adenosine kinase may have rendered the enzyme unresponsive to 5'-amino-5'- 



deoxyadenosine- Altematively, it may be that the 60 mol dose of S ' - Z U X ~ O - ~ ~ -  

deoxyadenosine used was not high enough to observe a pbarmacological result, however much 

lower doses w a e  highly effective in prwenting convulsions (Zhang a al., 1993). Adenosiae 

kinase inhibition increased basai and evoked release of adenosine and potentiated the actions 

ofadenosine in Mtro (Lloyd and Fredholm, 1995; Golembioska et al., 1996; White, 1996) and 

in vivo (Sciotti and Van Wylen, 1993; Pazzagli et al., 1995; Keii and Delaader, 1996)- 

Adenosine kinase inhibition in two different models of cerebral ischaemia produced varying 

results; exhibithg either neuroprotection (Jiang et al,, 1997) or no Séct (Phillis and Smith- 

Barbour, 1993). Thus, the effectiveness of adenosine kinase inhibitors may be linked closely 

with theu condition-specific effects on levels of adenosine, 

Inhibition of adenosine deaminase by 2'-deoxycoformycin increased basal and to a slightly 

greater extent potentiated NMDA-hduced increases in adenosine levels. In response to 100 

m o l  -A, the higher dose of 2'-deoxycoformycin was 1.5-fold more effkctive at increasing 

levels of adenosine than was the lower dose of 2'-deoxycoformycin. This suggests a greater 

role for adenosine deaminase under conditions where adenosine levels are elevated. Variable 

results have been noted with 2'-deoxycofomycin or, another adenosine deaminase inbibitor, 

erythro-9-(2-hydroxy-3 -nony 1)adenosine on in vitro basal (Lloyd and Fredholm, 1 995; 

Golembioska, 1996; White, 1996) and evoked adenosine release (Lloyd and Fredholm, 1993; 
r 

Golembioska et al, 1996; White, 1996) but consistently increase in vivo levels in rat spinal 

cord, cortex, and striatum (Phillis et al-, 199 1; Sciotti and van Wylen, 1993; Golembioska et 

al., 1995; Paeagli et al., 1995). 2'-Deoxywformycin had no e f f i  on antinociception (Keil 

and Delander, 1996; Golembioska et al., 1995) or on neurotransmission events (Pak et al., 



1994), but had anti-convulsant effects (Zhang et al., 1993) and prevented neuronal 

damage foilowing ischaemia (Phillis and O'Regau, 1989; Lin and Phillis, 1992; Gidday et 

al., 1995). Thus, the effects of adenosine deaminase inhibitors on the levels and actions of 

adenosine may be especially condition-sensitive. 

Previously, we showed that 20 nmol2'-deoxycoformycin in combination with 0.5 nmol 

dilazep increased levels of adenosine evoked by 25 and 100 nmol NMDA by 426 % and 

622 %, respectively (Delmey and Geiger, 1995). In the current study, we showed that the 

effects of these dmgs were additive. in contrast, the effects of dilazep and 5'-amino-5'- 

deoxyadenosine on either basal or NMDA-evoked levels were not additive. This 

uidicates, at least in part, a common mechanism. The most likely explmation is that, like 

iodotuberocidin (Parkinson and Geiger, 1 996), 5'-amino-5'-deoxyadenosine is a 

permeant for and/or an inhibitor of adenosine transport. Thus, in our experimental 

system, a combination of transport and adenosine kinase inhibition was not effective at 

hcreasing adenosine levels. 2'-Deoxycoformycin has been shown to be a permeant for 

nucleoside transporters in human erythrocytes, leukaemic and lymphoma cells (Chen, 

1 984; Wiley et al. 1 99 1) and yet sho wed additive effects with diiazep in brain suggesting 

that DCF may also enter ceils through transporters insenstive to dilazep. 2'- 

Deoxycoformycin when combined with 5-amino-5-deoxyadenosine, increased basal and 

to a greater extent NMDA-evoked levels. Additive affects of inhibition of both adenosine 

kinase and adenosine deaminase have been found with respect to anti-convulsant activity, 

cerebral blood flow, adenosine release fÏom rat spinal cord slices and in 



viiio rat caudate nucleus, (Sciotti and Van Wylen, 1993; Zhang et al., 1993; Golembioska, 

1995). 

In this study, we atternpted to determine the relative wntri'butions of metabolism and 

transport in regulathg levels of endogenous adenosine in rat striatum. Both basal and NMDA- 

evoked levels appeared to derive fiom intracellular production and release of adenosine as weii 

as fiom extraceuular breakdown of a nucleotide. In a cornpanion paper (Delaney and Geiger, 

submitted), we were able to show that a fiee radical scavenger prevented NMDA-evoked 

increases in adenosine levels. Free radicals could increase levels of adenoshe by interferhg 

with ATP regeneration by the electron transfer chah and inmeasing intracellular production of 

adenosine. How fiee radicals might promote release of a nucleotide remains to be detennined. 

Another aim of this work was to determine a rational therapeutic approach to increase levels 

of endogenous adenosine in a site- and event-specific manner usïng a NMDA receptor 

stimulation paradigm. It would appear from this study that combination therapy involving 

inhibition of either adenosine deaminase and nucleoside transport or adenosine kinase and 

adenosine deaminase might lead to the greatest increases in adenosine levels and thus may 

provide the most therapeutic benefit. 
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Levels of Endogenous Adenosine in Rat Striatum 

lIL Role of N'ic  Oxide and Free Radicals in the Regulation of Adenosine Levels under Basal 

and NMDA-Stimuiated Conditions 

S. M. Delaney and J. D. Geiger 



To test the hypothesis that nitric oxide (NO) and fke radicals mediate N-methyl-D-aspartate 

(NMDA)-induced increases in levels of endogenous adenosine, we injected, unilaterdiy into 

rat striatum. L - a r m e  or the Ntric oxide synthase inhiiitor fl-nitro-~-ar~inine methyl ester 

(LNAME) in the absence or presence ofNMDA. Basal levels of endogenous adenosine in 

injected striata were deaeased by 100 nmol L-arginine to 62 2 12 % of those in uninjecteci 

contralateral striaîa and were increased to 212 2 45 % by 500 pg L-NAME. D-Arginine (100 

nmol), the inactive stereoisomer ofl-arginine, had no effect on basal levels of adenosine. 

Injection of 25 nmol NMDA increased levels in injected striata to 284 4 56 %; CO- 

administration of NMDA with L-arginine or L-NAME did not signiticantly affect NMDA- 

induced increases in levels of adenosine. N-Tert-butyl-phenylnitrone (PBN), a spin trap agent, 

injected 1 hr before unilateral intrastriatal injection of either L-arginine or NMDA reversed L- 

arginine-induced decreases and NMDA-induced increases in levels of adenosine to 1 10 I 25 

% and 149 + 29 %, respectively. NO, but not free radicals, appear to exert tonic control over 

basal levels of endogenous adenosine whereas fiee radicals, but not NO, control NMDA- 

induced increases in levels of adenosine. 



Introduction 

Levels of endogenous adenosine increase under various conditions associated with the release 

of the excitatory amino acid glutamate. Activation of N-methyl-D-aspartate (NMDA) 

receptors, a subtype of ionotropic glutamate receptors, have been implicated as a major 

cornmon pathway leading to neuronal damage in a varïety of pathologies (Beai, 1992; Lipton 

and Rosenberg, 1994; Lynch and Dawson, 1994). NMDA rcceptor stimulation induced 

increases in levels of endogenous adenosine (Craig and White, 1993; Mitchell et al., 1993 

Manzoni et al., 1994) that may represent an important neuroprotective mechanism to Iimit 

neuronal damage. In our cornpanion paper (Delaney and Geiger, submitted), we showed that 

NMDA ionotropic glutamate receptors were mainly responsible for increashg levels of 

adenosine in rat stnatum in vivo. However, despite the well known Iuik between NMDA 

receptor stimulation and increased levels of adenosine, details of intervening mechanisrns 

remain to be elucidated, 

The NMDA receptor complex is a cation channel, the stimulation of which, lads to an uinux 

of calcium ions and activation of a variety of calcium-dependent enzymes including nitric oxide 

synthase (NOS) (Bredt and Snyder, 1989). NOS (EC 1.14.13 -3 9) catalyzes the formation of 

nitric onde (NO) fiom L-arginine and rnany of the effects of NMDA, including 
t 

neurotransmitter release fiom striamm and elsewhere in the brain are mediated by NO 

(Montague et al., 1994; Sandor et al., 1995). At least some of the actions of NO are believed 

to be mediated through actions of free radicals because NO itself is a fkee radical, and NMDA 

receptor stimulation generates other fkee radical species such as superoxïde (Lafon-Cazal et 



al., 1993); combination of superoxide with NO results in the formation of peroxynitrïte which 

can Iead to tipid peroxidation and the continueci production of other fiee radicals (Beckman et 

al., 1990). Free radiai scavenger treatment can prevent NMDA-induced neurotoxicity and 

spin trap agents such as N-tert-butyl-phenyinitrone (PBN) that fonn stable radical adducts 

(Knecht and Mason, 1993) have been used to scavenge reactive oxygen species and protect 

against neuronal damage in a variety ofin vitro and in vivo models including histotoxic 

hypoxia (Schulz et ai., 1995b). excitotoxïcity (Schulz et al., 199%; Nakao et al.. 1996) and 

ischaema (PWs and Clough-Hem 1990; OLiver et al., 1990; Yue et al, 1992; Cao and 

PhiUis,, 1994). 

Because large increases in levels of adenosine occur under similar conditions that release 

glutamate, dimulate NMDA receptors and activate NOS, we hypothesized that fiee radicals in 

generai, and NO in partidar, may be involved in controlling levels of adenosine. Previously. 

using microdialysis to measure adenosine out-flow from rat ventral striatum, levels of 

adenosine were increased by pemision with a NO donor and decread by a NOS inhibitor 

(Fischer et al., 1995). In addition, NO donors promote adenosine release fiom both 

unstimulateci and stimulateci hippocampal slices (Fallahi et al., 1996). However, NO formation 

was not a prerequisite for NMDAevoked adenosine release f?om rat cortical slices (Craig and 

White, 1993). Here, using our in vivo approach, we tested the hypotheses that NO and fiee 
2 

radicals mediate NMDA-induced increases in adenosine and contribute to the regulation of 

basal levels of endogenous adenosine. 



Matea-iais and methods 

Male Sprague-Dawley rats were obtained ftom the University of Manitoba Centrai Ariimal 

Care fadty.  AU procedures foliowed Canadian Council on Animai Care guideLines and were 

approved by the Animal Care Committee at the University of Manitoba Rats used for intra- 

data1  injections weighed 170 to 190 g and rats used for NOS assays weighed 200 to 220 g. 

Animais were anaesthetized with 74 m@kg sodium pentobarbital (i-p.), placed in a stereotaxic 

fiame, and unilateral intra-data1 injections were perfiormed as previously described using the 

coordinates (in mm) AP 9.0, ML 3.0, and DV 4.5 (Paxinos and Watson, 1986). Drugs were 

dissolved in 50 rnM Tris-HCI (pH 7.4) and were administered (0.5 pl) over a 2 min period 

using a 30 gauge needle which was left in place for 1 min post-injection to ailow d a s i o n  of 

dmg away from the injection site. Rats were killed 15 min post-injection by high energy 

focused-microwave irradiation (Cober Instruments) at a power level of 10 kW for 1.25 s as 

previously described (Delaney and Geiger, 1996). Brains were removed, ipsilateral and 
? 

contralateral striata were dissecteâ, and striata were analyzed separately for tissue adenosine 

content (Delaney and Geiger, 1995). N-t-Butylu-phenylnitrone (PBN), dissolved in peanut oil 

(60 mghi), was administered i-p. (1 50 mg/kg) 1 hour before intrastriatal injection of NMDA 

(Schultz et al., 1995; Nakao et al., 1996) or L-arginine. Protein was detennined using the 



rnethod of Lowry et al. (1% 1) with BSA as standard. Tissue adenosine content was expr- 

as either pmol per mg protein or as a percentage of levels in uninjected contralateral stria- 

NOS assav 

To c o b  inhilition ofNOS, rats were injected wiilaterally into stria- with 500 pg L- 

NAME and killed by decapitation 15 min post-injection- Uninjecteci and injected striata were 

excised and analyzed separately for NOS activity using a method adapted fkom Iadecola et ai. 

(1994)- Striata were hornogenized (20 strokes) in 1.2 ml 0.32 M sucrose containing 20 m .  

HEPES pH 7.4, 1 mM dithiothreitol and 0.5 mM EDTA Duplicate aliquots of 425 @ tissue 

homogenate were incubated at 37OC for 6 min with 0.45 mM CaCl2.2H20, 2 mM NADPH, 2 

rnM L-arginine, and 0.2 pCi t3m L-ar@e in a final volume of 500 pl. Enzyme activity was 

terminateci by the addition of 2 ml 20 mM HEPES pH 5.5 containing 2 m M  EDTA Samples 

were applied to a Dowex AGSOW-X8 (Na3 column and the eluent plus the effluent fiom a 2 

mi wash of &O containing ~ ~ c i t r u l l i n e  were coliected and radioactivity was determineci by 

scintillation spectrometry (Beckrnan LS6000TA). Reaction blanks wntained everything except 

NADPH and were treated exactly as above. Enzyme activity was expressed as pmoVmg 

proteidmin. 

HEPES, EDTA, adenosine, L-arginine, D-arginine, N-t-butylu-phenytnitrone, N-methyl-D- 

aspartate, and peanut oil were obtained fkom Sigma (St. Louis, MO) and chloracetaldehyde 



was pwchased from Fiuka (Ronkonkoma, NY). NO-Nitro-L-arme methyl ester was 

supplieci by Research Biochemicals International (Natick MA) and ~-[2,3-~~]-arginine (35.7 

Ci/mrnol) by New England Nuclear (Boston, MA). Dowex AG50W-X8 was bought fiom 

BioRad Laboratories (Missisauga Ont., Canada). Alt other chernids were of analyticai grade 

and were fiom standard laboratory sources. 

Data analvses 

Adenosine leveis in injecteci striata were calculated as a percentage of levels in uninjected 

contraiateral striata and expressed as mean + SEM for each h g  treatment group. Levels in 

injected stnata were compared with those in uninjected striata using Student's paired t-tests. 

DiEerences between h g  treatment groups were analyzed by Student's unpaired t-test or by 

ANOVA For aii analyses, statistical significance was considered to be at the P c 0.05 level. 

Levels of adenosine in striata injected with buffer (50 mM Tris-HCl pH 7.4) of 1 17 + 30 
pmoVmg protein (n = 4) were not significantly different fkom those of 127 2 38 pmoVmg 

protein (n = 4) in uninjected contraiateral stnata (data not shown); levels of adenosine in . 
ipsilateral striata were 105 + 15 % of contraiateral striata. Foiiowing injection of 100 ~ n o l  L- 

arginine, levels of adenosine decreased significantly (P < 0.01; Student's paired t-test) to 62 2 

12 % (Figure 1). However, following injection of 100 nmol of the inactive stereoisomer D- 

arginine, adenosine levels of 97 + 16 % were not significantly different fiom striata injected 



Table 1 

E f f a  of 500 pg intrastriatai L-NAME on nitric oxide synthase activity 

Tissue NOS activity 
(pmoles/mg proteidmin) 

NOS activity foiiowing undateral injections into striatum. Rats were injected uniiaterally into 

striata with 500 pg L-NAME- Values represent mean 4 SEM fiom 4 rats. 

o.. 
p < 0.0001 (Student's t-test) 



Buffer L-NAME L-ARG PBN + 
L-ARG 

1 D-ARG 

Figure 1. Levels of endogenous adenosine in striata of rats receiving unilateral injections of 50 

mM Tris-HCl pH 7.4 b&er (n = 4), 500 pg L-NAME (n = 9)' 100 nmol L-arginine (n = 9), 

100 nmol L - a r m e  1 hr d e r  receiving 150 mg/kg PBN (n = 6), or 100 nmol D-arginine (n = 

8). * p < 0.05, ** p < 0.01 ipsilateral compared to contralateral striata (Student's paired t- 

test). 



L-ARG L-NAME PBN 

25 nmoles NMDA 

Figure 2. Levels of endogenous adenosine in striata of rats receiving datera1 injections of 25 

m o l e s  NMDA alone (n = 8), NMDA CO-admüiistered with either 100 nmol L - a r m e  (n = 

4), 500 pg L-NAME (n = 8), or 25 nmol NMDA 1 hr after receivhg 150 mgkg PBN (n = 8). 

* p < 0.05, ** p < 0.01 ipsilateral compared to contralateral striata (Student's paired t-test). 

Adenosine levels in rats pre-treated with PBN were significantly (P C 0.05) lower than levels 

in rats NMDA alone (Student's t-test). 
? 



with vehicle (Figure 1). Becawe of reports that L-NAME inhibition of NOS acitivity in brain 

varies among animal models and administration routes (Iadecola a aL, 1994), we first 

detennined the extent to which M a t a l  injection of L-NAME inbiiited NOS activity- 

Fieen min foUowing intrasaiatal injection of 500 pg L-NAME, NOS activity in injected 

striata was 14 + 7 % (P < 0-00 1) of that in uninjected contralaterai striata (Table 1). Levels of 

adenosine in animals injected with 500 pg L-NAME were increased significantly (P< 0.05; 

Student's paired t-test) to 2 12 + 45 % (Figure 1)- 

To test for the involvement of fiee radicals in L-arginine-induced decreases in adenosine 

levels, we pre-injected rats i.p. with 150 mgkg PBN 1 hour before L-arginine was injectexi 

intra-striatdy- Pre-treatment with PBN reversed L-arginine-inducd decreases in levels of 

adenosine to values of 1 10 + 25 % that were not signifïcantiy dïfEerent fiom control (Figure 

1). The absolute levels of adenosine (pmoUmg protein) in uninjected contralateral stnata of 

rats that receiived PBN were slightly, but not significantly, elevated to 167 2 24 pmoUmg 

protein (n = 14) fiom levels of adenosine in uninjected contralateral striata of buffer-injected 

control rats (1 17 2 30 pmoVmg protein). 

Injection of25 nmol NMDA increased significantly (P c 0.01; Students paired t-test) levels of 

adenosine in injected striata to 284 + 56 % (Figure 2). Co-administration ofNMDA with 
2 

either 100 mol  L-arghine or 500 pg L-NAME did not a f f i  significantly NMDA-induced 

increases in levels of adenosine (Figure 2). However, levels of adenosine in rats receiving i.p. 

PBN followed by intrastriatal NMDA were decreased significantly (i? < 0.05, Student 's 

unpaired t-test) to 149 + 29 % (Figure 2). Pre-injection (i-p.) of pemut oil the vehicle for 



PBN, foliowed by intrastriatal NMDA produced levels of 249 +- 6 1 % indicating that the 

vehicle had no &éct on NMDA-induced increases in levels of adenosine (data not shown). 

Discussion. 

Using an experimental design similar to that described in our two cornpanion papers (Delaney 

and Geiger, submitted (a) and (b)), we tested the hypotheses that NO a d o r  fiee radicals 

regdate levels of endogenous adenosine under basai as weli as NMDA-stimulateci conditions. 

Here we showed that under basal conditions, NO, and fkee radicals generated therefrom, 

regulate levels of endogenous adenosine in rat striatum in vivo. In contrast, under conditions 

where NMDA receptors were stimulated, Eee radical production, but not NO, was found to 

underlie increases in adenosine levels. 

A reciprocal relationship appears to exist in vivo between levels of NO and basal levels of 

endogenous adenosine such that L - a r m e  decreased whereas L-NAME inhibition of NOS 

activity increased levels of adenosine. Because our studies were, as far as we are aware, the 

fkst to demonstrate the effects of NO on brain tissue levels of adenosine in vivo, discussion of 

our data in relation to previous findmgs is limited to effects of NO and NO donors on 

adenosine release. NO donors have been reported to decrease (Craig and White, 1993) and 
2 

increase (Fallahi et al., 1996) adenosine release in viho, and increase adenosine release in vivo 

(Fischer at al., 1995). Although obvious diierences exist between the methods used in Our 

work and those used by others, confidence in our results is raised by findings that L - a r m e  

and L-NAME had opposite effécts on basal levels of adenosine and that the inactive 



stereoisomer of Garglliine, D-argïnine, had no effed. In addition, the ef f i s  of L-arginine 

were blocked by the spin trap agent PBN that scavenges fiee radicals by fonning more stable 

fiee radical adducts (Knecht and Mason, 1993)- 

Our findings with L-NAME are consistent with hdings in guinea pig brain and rabbit heart 

showing that basal levels of adenosine inaease foiiowing perfùsion with L-NAME (Kostic and 

Shrader, 1992; Woolfkon et al., 1995). and that the NOS inhibitor fl-nitro-~-ar~inine (L- 

NNA) potentiated adenosine-mediated hypocapnic vasodilatation in rat brain (Fabricus and 

Lauritzen, 1994). Aithough we did not attempt to study the relationship between striatal levels 

of adenosine, NO and blood flow, our results may suggest that levels of NO and adenosine are 

aîtered reciprocally as a mechanism for controiling locai cerebrai blood flow. 

Many effects of NMDA, including neurotransrnitter release, are mediated by NO (Montague et 

al, 1994; Sandor et al., 1995). However, this does not appear to be the case with adenosine 

levels because neither L-arginine nor L-NAME &ected levels of endogenous adenosine 

increased by NMDA Similarly, NO did not appear to mediate NMDA-evoked adenosine 

release from rat cortical slices (Craig and White, 1993). Altematively, it is possible that in the 

presence of NMDA, a role for NO regdation of adenosine levels, as seen under basal 

conditions, may stili exist, but the effects have b e n  masked by other processes subsequent to 

receptor activation. 
t 

In an in vivo preparation such as ours, it would be expected that both endothelial and neuronal 

isofoms of NOS would contribute to NO production, and since L-NAME is an inhibitor of 



both, there would be no distinction betweea the relative contributions of each isofonn, Under 

basal conditions, endothelial NOS activity might be the predomllisuitly active isofonn whereas 

under NMDA-stimuiated conditions, neuronal NOS might be activated, in addition to 

endothelid NOS, as part of the signal transduction systern Changes in the relative activities of 

each isofonn can produce vastly different effects (Giobus, 1995) and if neuronai NOS activity 

inmeases levels of adenosine, this rnight counteract endothelial NOS-induced decreases in 

levels of adenosine and produce no overail changes in adenosine levels. The importance of 

different isoforms of NOS is becoming increasingiy recognised (Iadecola 1997; Snyder, 1995; 

Globus et al., 1995) and the effects of NO on adenosine levels rnay be another exatnple where 

this must be considered. 

NO may affect adenosine levels by inhibiting mitochondrial energy metabolism and ATP 

synthesis (Takehara et al., 1995) or induce changes in the activity of the adenosine-producing 

enzyme S'nucleotidase. In this latter regard, we note that 5'-nucleotidase activity was inhibiteci 

by an NO donor in rend epithelial cells (Seignied et al., 1996), but was stimulated in heart 

(Minamino and Hasewaga, 1995). 

Administration of PBN was able to reverse L-arginine-induced decreases in basai levels of 

endogenous adenosine possibly through the removal of NO (itself a fiee radical). With respect 
? 

to NMDA, determining the nature of the fiee radical(s) involved is more complicated because 

NMDA generates superoxide radicals (Laton-Cazal et al., 1993) which in combination with 

NO results in the formation of peroxynitrite thus leading to üpid peroltidation and production 

of additional fiee radicais (Beckrnan et al., 1990)- Free radicals inhibit glutamate uptake 



(Volterra et aL. 1994) as weii as disnipt mitochoadrial fùnction and ATP production (Brown 

and Squier, 1996) and these effects could lead to inmeases in levels ofendogenous adenosine. 

The exact nature of the tiee radical(s) involved cannot be resolved using the techniques 

employed in this study. PBN can trap carbon-centred fiee radicals such as those r d t i n g  fiom 

lipid peroxîdation (Ebecht and Mason, 1993) as weil as combine, although less readiiy, with 

hydroxyl radicals (Thomas et al., 1994). Despite such ambiguities in the identity of the fiee 

radiais involved, it remains clear that PBN is very effective at preventing NMDA-induced 

neuronal damage (Schultz et al., 1995a; Nakao et al., 1996; Mon-Cazal, 1993) and, perhaps 

in doing so, blocks the stimulus that leads to increased levels of adenosine. 
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GENERAL DISCUSSION 

The principal focus of the research contained in this thesis was the measurement and 

regdation of Ievels of endogenous adenosine in rat brain. It was our contention that such 

information is and will be important for developing stnitegies to potentiate levels of adenosine 

that might be therapeutidy beneficïal. 

The first sep in this research programme was to obtain precise and accurate il2 vivo 

measurements of adenosine. We used high-energy focused microwave irradiation (10 kW) to 

rapidly inactivate brain metabolism to prevent post-mortem breakdown of ATP and formation 

of adenosine. The hdings in Chapter 1 showed that as irradiation power ievel decreased fiom 

10 to 3 -5 kW, the tirne for brain temperature to reach 85 OC increased fiom 1.25 to 3 -25 s and 

adenosine levels doubled. Thus, even within a féw seconds while the brain is heating to 8S°C 

signincant amounts of adenosine are formed post-mortem. The levels of adenosine measured 

after microwave irradiation at 10 kW accurately reflect ievels in silu because they were very 

sirnilar to those obtained by fieeze-blowing. However, udïke fieeze-blowing, microwave 

irradiation had the added advantage of dowing the simultaneous measurement of adenosine 

levels in difEerent brain regions. There was a 17-fold diierence between leveis in cortex and 

those in cerebeilum. This compares to ranges of 2- to 3-fold observed in studies using lower 

microwave power levels and in decapitated rats (Chapter 1). No obvious correlations were 

apparent between the basal levels of endogenous adenosine and the known expression of 

adenosine receptor sub-types. For example, Ai receptors are heaviiy concentrated in cerebral 

cortex and hippocampus (Stehle et al., 1992), yet there was almost a 5-fold difKerence in 



adenosine levels between these regions. Furthennore, whereas adenosine levels in striatum 

were very similar to those in hippocampus, in striatum levels of Al receptors are much lower 

and levels of A= receptors are much higher (Stehle et al., 1992). Aithough some conclusions 

about regional differences in levels of adenosine and regionai Merences in e-es involved 

in adenosine production and metabolism were made (see Chapter l), and regional distributions 

of adenosine deaminase, 5'-nucleotidase and adenosine kinase have been documented to 

varying degrees (Nagata et ai., 1984; Geiger and Nagy, 1986; Mazurkkïewicz and Saggerson, 

1989; Geiger et al., 1997), additional work is required on regionai and cellular bases before 

finn conclusions may be made. 

Glutamate receptor activation leads to excitotoxicity (Meldrurn and Garthwaite, 1990; Beai, 

1992; Lipton, and Rosenberg, 1994) and stimulates increases in adenosine levels. We chose to 

use striatum in our studies because multiple subtypes of adenosine receptors and adenosine 

metabolking enzymes as well as NMDA and non-NMDA receptors are present in this 

structure (Young and Fagg, 1990). Striatal excitotoxic damage can be induced foilowing in 

vivo administration of NMDA, kainate or AMPA leading to well-characterized Iesions 

(McDonald et ai., 1992; Schulz et al., 1995; MacGregor et al., 1996). In Chapters 2 and 3, we 

tested the hypothesis that focal administration of NMDA, kainate or AMPA would increase 

levels of adenosine. We showed that NMDA and kainate, but not AMPA increased adenosine 

levels. This contrasts with findings that all three agonists increased adenosine levels in cortical 

slices (White, 1996) and stimuiated release of dopamine and acetylchoüne release fiom stnatal 

slices (Jin and Fredhoim, 1994). The inability of AMPA to elicit increases in striatal adenosine 

levels suggests that attempts to enhance adenosine levels in pathological conditions where 



AMPA receptors are implicated would not be an effective neuroprotective strategy. In 

contrast, NMDA receptors have been implicated in focal ischaemia (Wahlestedt et ai., 1993) 

and inhibition of adenosine deaminase activity by DCF in this mode1 was neuroprotective (Lin 

and P W s ,  1992). 

We showed that the effect of kainate on striatal adenosine levels was mediated, at least in part, 

through NMDA receptors (Chapter 3). The sequence of events was most ükely kainate 

receptor stimulation-induced release of glutamate (Young et al., 1988) leading to NMDA 

receptor stimulation and then increased levels of adenosine. The consequences of the 

stimuiatory effect of kainate on glutamate release may be an amplification step during 

excitotoxicity whereby multiple receptor subtypes (both kainate and NMDA) are activated. 

Adenosine may represent an important 'brake' in this destructive cascade because adenosine 

Al receptor activation attenuates NMDA and kainate-induced excitotoxïcity (Fim et al., 

199 1). Potentiating already-increasing adenosine levels may enhance adenosine levels and 

thereby intempt or prevent the excitotoxic amplification process. 

We used the ecto-5'-nucleotidase inhi'bitor a$-MeADP and the transport inhibitor dilazep as 

tools to detennine the source of adenosine. Ifadenosine was formed as a result of ecto-5'- 

nucleotidase activity, a$-MeADP would decrease adenosine levels and nucleoside transport 

inhibition would increase levels of adenosine due to prevention of ceiiular uptake and 

metabolism. In Chapter 4, we showed that a$-MeADP preferentially reduced NMDA- 

induced increases in levels of adenosine and at higher doses blocked basal production of 

adenosine. This suggests intracellular production of adenosine under basai conditions and 



extraceUular production of adenosine f?om released nucleotides under conditions of NMDA 

stimulation. Dilatep, on the other han4 increased both basal and NMDA-induced levels of 

adenosine. Together, these h d k g s  suggest that adenosine is formed extracellularly and 

intraceMarly under both basal and NMDA-stimulated conditions and this is consistent with 

previous reports that both are involved in basai and NMDA-stimulateci release of adenosine 

from rat cortical slices (Craig and White, 1993). 

DCF was able to increase both basal and NMDA-kduced levels of adenosine, whereas 

inhibition of adenosine kinase by 5'-NHZ-S7-dADO only increased basal levels of adenosine, 

This is consistent with the proposed relative roles of adenosine kinase and adenosine 

deaminase whereby adenosine kinase is active under basal conditions when adenosine 

concentrations are low, but is inhibited at the higher adenosine concentrations which are 

formed under conditions of stimulation (see Geiger et al., 1997). The fact that DCF also 

increased basal levels indicates that a role for adenosine deaminase cannot be discounted even 

under basal conditions. 

Studies using these compounds as potential neuroprotective agents have focused on conditions 

such as ischaemia and seinire activity where the results have been somewhat variable and 

model-dependent (see Introduction). In Our studies using a mode1 of excitotoxcity, the most 

effective combination of drugs to increase levels of adenosine was DCF and 5'-N&-5'-dADO 

which increased both basal and NMDA-induced levels of adenosine. DCF and dilazep 

administered in combination had a greater effect on NMDA-induced levels of adenosine than 

each compound separately, but had no effect on basal levels when given in combination. The 



combination of 5'-N&-S'-dADO and dilazep had no additive effects on basal or NMDA- 

induced levels of adenosine. Using a combination of drugs to affect adenosine levels means 

that lower doses of each drug may be used and this may reduce the risk of unwanted side 

effêcts. 

By using dmgs that alter adenosine levels as a therapeutic stnitegy rather than relying on 

adenosine receptor agonists, effects of adenosine may be altered more subtiy. An adenosine 

receptor agonist would interact with aU the receptors to which it gained access and this can 

have profound effects, notably for Ai receptor agonist actions in the heart. The data in this 

thesis have shown it is possible to use a combination of drugs that have little or no effect on 

basal levels of adenosine, but under conditions of stimulation, can increase induced levels of 

adenosine. Since adenosine is produced locally and is rapidy cleared, levels would be 

increased only in a very localized area and adenosine would not exert widespread non-spedic 

effects. Thus, adenosine levels could be increased in a site- and event-specific manner. 

The final part of this thesis investigated the role of fiee radicds and nitnc oxide as mediators 

of NMDA effect on adenosine levels (Chapter 5) .  The reciprocal nature of the relationship 

between levels of nitnc oxide and adenosine could be related to control of local btood flow. 

Since this work was perfiormed in vivo, the integrity of the blood supply to the brain and 

neuronal circuitry remained intact. It is not surprishg then that other physiological phenornena 

apart from neuronal hc t i on  could innuence adenosine Ievels. The free radical scavenger, 

PBN, was able to block the effect of L-arginine indicating that the fiee radical in question was 

nitric oxide. PBN also blocked the NMDA-induced increases in adenosine, but since nitric 



oxide did not appear to be involved, the fcee radical must have been a molecule of a different 

nature, 

NMDA receptor stimulation activates many intraceMar processes, some required for normal 

cellular fiinction and others lead to pathological changes. Increased adenosine levels in 

response to NMDA-stimulation are thought to be associated with pathological events and 

investigating the intracellular mechanisms responsbIe for N'DA-induced increases in levels 

of adenosine rnay lead to a greater understanding of at what point normal cellular fùnction 

turns into a pathological event. 

Future research could address many other issues including the following hypotheses: 

1) Inhibitors of adenosine transport and metabolism can prolong the duration of increased 

levels of adenosine. Adenosine levels increase during pathological conditions and decline 

rapidly and the question has arisen are adenosine levels elevated for long enough periods to 

be therapeutically usefùl. Indeed, Chapter 3 showed adenosine levels increased by NMDA 

and kainate declined to baseline values within 45 min. We have preliminary data showing 

that inhibition of adenosine deaminase by DCF can significantly increase NMDA-induced 

levels of adenosine at 45 min thereby increasing the duration of elevated levels of 

adenosine. 

2) The superoxide free radical is involved in NMDA-induced increases in levels of adenosine. 

NMDA receptor activation has been shown to induce production of superoxide fkee 

radicals and we have show in Chapter 5 that fiee radicals are involved in NMDA-evoked 



levels of adenosine- If this hypothesis is true, use of superoxide dismutase to remove 

superoxide fiee radicals would block the NMDA-induces increases in Ievels of adenosine. 

3) Levels of endogenous adenosine can be altered by drugdhormones knowtl to regulate 

adenosine transporters. Adenosine msporters cm be regulated by effectors such as 

thyroid hormones and steroids as well as adenosine receptor agonists (Delicado et al., 

1990; Fideu and Miras-Portugal, 1993; Fideu et al., 1994). The finai effect of actions of 

these compounds would be on levels of endogenous adenosine. 

4) A combination of 5'-amino-5'-deoqadenoshe and 2'-deoxycoformycin or dilazep and 2'- 

deoxycoformycin is neuroprotective in a mode1 of focal ischaemia. Because we have Iooked 

at NMDA-induced levels of adenosine, it would be most relevant to test the 

neuroprotective potential of these drug combinations in a pathological paradigrn known to 

involve NMDA receptors. 
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